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Abstract 


This report provides a final, comprehensive description of the navigation of 
Mariner 9 — the first U.S. spacecraft to orbit another planet. The Mariner 9 navi- 
gation function included not only precision flight path control but also pointing of 
the spacecrafts scit utific instruments mounted on a two-degree of freedom scan 
platform. To the extent appropriate, each section describes the pre-flighi analyses 
on which the operational strategies and performance predictions were based. The 
in-flight results are then discussed and compared with the pre-flight predictions. 
Post-flight analyses, which were primarily concerned with developing a thorough 
understanding of unexpected in-flight results, are also presented. 
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Introduction 

W. J. O’Neil 


Mariner 9 is the first U.S. spacecraft in orbit about 
another planet. Launched from Cape Kennedy, Florida, 
on May 30, 1971, Mariner 9 achieved orbit about Mars on 
November 14, 1971, after a near-nominal interplanetary 
flight. The spacecraft transmitted approximately 54 billion 
bits of scientific data representing observations of Mars 
while in orbit, including over 7,000 television pictures. 
The mission ended on October 27, 1972, when depletion 
of attitude control gas resulted in loss of attitude stabili- 
zation and consequent loss of solar power and telecom- 
munications. 

Iliis report describes the navigation of Mariner 9, 
which included not only precision flight path control but 
also pointing of the scientific instruments mounted on u 
two-degree of freedom scan platform. Flight path control 
involved the determination of the spacecraft trajectory 
(classically referred to as orbit determination) uid the de- 
sign and execution of the propulsive iiMneuvers required 
to effect the necessary changes in the trajectory. Radio- 
metric tracking data provided by the JPL De^ Space 
Network (DSN) were the prindpal data type us^ in die 
orbit determination process. During the Mars approach 
fdiase, optical traddng data were also used, but only on an 


experimental basis. 'The optical data were obtained by 
imaging the Martian natural satellites (Phobos and 
Deimos) against the star background with the spacecraft 
television system. The JPL Orbit Determination Program 
(ODP) operating in a Univac 1108 (xnnputer was the 
primary tool used in the orbit determinaticm prcx»ss. 

The required propulsive maneuvers were computed 
with the JPL Maneuver Operations Program System 
(MOPS), which also operated in the 1106 computer. Each 
maneuver was defined by four "commandable” quantities, 
namely, the spacecraft roll and yaw tivns required to 
achieve the proper thrusting attitude, the engine ignition 
time, and the velocity increment to be achieved. After 
translaticm of these parameters into command words, they 
were transmitted to the spacecraft by the DSN. A single, 
1300-N (300-lb) thrust, bipnqpeDant, liquid rocket engine 
was used for all {uropulsive maneuvers. 

Pointing r^f Mariner 9^s scientific instruments involved 
the design of the sequence of scan platform ntovetnenb 
whid) would cause the instruments to observe targets 
specified by the science investigators. Generally, a se* 
quence was designed for a single orbital revdutiou begin- 
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ning at apoapsis and ending at the following apoapsis, 
with the majorit) nf observations made near periapsis, 
where thv. greatest ri'solution was achieved. The sequence 
desigii further involved the precise specification of the 
time at which each television picture was to be shuttered. 
The JPL Planetary Observation Geometry and Science 
Instrument Sequence (POCASIS) Program operating in 
the 1108 computer was uie principal tool used for se- 
dpctgn. Th^ observation requests made by the 
science investigamrs and a precise prediction of the space- 
craft trajectory based on the aforemcnticricd orbit deter- 
mination process w'ere t! c principal inputs to the seque ce 
design process. The outputs were instrument shutter times 
and the required positions of the scan platform. 

Mariner 9 navigation was the responsibility of the 
Navigation Team within the Mission Operations System 
(MOS). The Navigation Team was functionally organized 
into seven groups. This report is similarly organized and 
represents the final report of the in-flight and post-flight 
activities of the Team. There is a direct correspondence 
between the Trajectory, Science Sequence Design, Man- 
euver, Interplanetary and Satellite Orbit Determination 
Groups and major sections of the report. The activities of 
the Advanced Sequence Planning Group are included in 
the Science Sequence Design Section and those of the Op- 
tical Navigation Measurements Croup in the Interplane- 
tary Orbit Determination Section. With few exceptions, 
the contributing authors were members of the Mariner 9 
Navigation Team. 

To the extent appropriate, each section describes the 
pre-flight analyses on which the operational strategies and 
performance predictions were based. The in-flight results 
are then discussed and compared with the pre-flight pre- 
dictions. Post-flight analyses, which were primarily con- 
teemed with developing a thorough understanding of 
unexpected in-flight results, are also presented. Each 
major section is essentially self-contained, so that the 
reader can easily focus his attention in the area of his 
interest. The remainder of this introductory section pro- 
vides a description of the Navigation Team operations 
and a synopsis of the most significant navigation events. 
The synopsis chronologically summarizes the mission 
from a navigation standpoint and indicates where in the 
report additional details can be obtained. 

I. Navigation Team Operationt 

The Mariner 9 flight operations were conducted by the 
Mission Operations System organization (depicted in Fig. 


1), niult^r the direction of the Chief of 'fission Operations 
(CMO). The CMO was the final authority for most de- 
cisions, although conduct of extremely critical operations 
such as the propulsive maneuvers required authorization 
from the Mission Director. As illustrated in Fig. 1, the MOS 
organization w'as functionally divided into two tiers: the 
Navigation. Science Recommendation, Spacecraft, and 
DSN Project Engineering learns comprised the upper 
tier; the Command, Science Data, Data Processing, and 
DSN Mission Operations Teams the lower tier. During 
orbital operations, the upper tier performed the day-to- 
day, adaptive, mission planning, analysis, and sequencing 
functions. The longer-range (i.e., more than 3 weeks 
ahead) planning was performed by the Mis.sion Analysis 
and Engineering Manager and his staff, with extensive 
support from the upper tier teams. These long-range plans 
were finalized in 20-day segments known as cycles, which 
established the framework within which the daily se- 
(luences were developed. Tlie development of the daily 
sequences by the upper tier was coordinated by the 
Mission Sequence Working Group (MSWG). The MSWG. 
which w -s chaired by a member of the CMO*s staff and 
included representatives from most organizational ele- 
ments, successfully adjudicated nearly all sequencing con- 
flicts and, thereby, largely determined the course of events 
within each 20-day cycle. 

At prescribed times each day, the upper tier delivered 
to the lower tier the detailed spacecraft sequence of 
events (S/C-SOE) and the command file to be executed 
by Mariner 9 on its zenith/nadir revolution pair 3 day s 
ami 1 day lienee, respectively. In other words, delivery of 
the S/C-SOE preceded delivery of the c^orresponding com- 
mand file by 2 days. In fact, the preparation for a given 
revolution pair was a serial process of 6 days* duration; 
consequently, evc»y stage of preparation was under way 
for different revolution pairs each day in assembly-line 
fashion. The upper tier worked 7 days a week, and both 
the Navigation and Spacecraft Teams worked two shifts 
a day^ hut different functions were performed on each 
shift. 

The upper tier performed its functions essentially ‘"off- 
line” but was “on-line” to effect final updates and monitor 
propulsive maneuvers. In contrast, the lower tier was on- 
line continuously (i.c., 24 h a day, 7 days a week) undu 
the direction of the Assistant CMO - a position rotated 
among five individuals. The Sequence Group on staff to 
the ACMO generated the detailed operational sequence 
of events based on the S/C-SOE and other inputs. The 
lower tier was r sponsible for transmitting the command 
files to tiie spacecraft, continuously monitoring the telem- 
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etry and tracking data and effecting the delivery of these 
data to the up^XT tier, preparing the science data records, 
and providing the necessary computer supix)rt to all the 
elements of the organization. 

The key interfaces of the Navigation Team with tin* 
other elements of the organization are described in the 
following paragraphs. The principal functions of the Na\ i- 
gation Team were (1) precise trajectory determination 
and predii :ion, \1) design of the propulsive maneuvers, 
and (3) design of the scitmee sequences. The trajectory 
estimates and predictions were used internally in the de- 
sign of the maneuvers and science secjuences, and they 
were also t*xported in the form of Probe Epheinei is Taj)es 
(PETs) to the DSN Mi.ssion Operations Team and tin* 
Science Data Team (SDT). The DSN NATTRK (Network 
Analysis Team-Tracking) element used the PETs to 
generate the i/acking station observable predictions. 
N.\TTIiK was also responsible for delivering the DSN 
tracking data to the Navigation Team. The SDT used the 
PETs for generation of the post facto estimates of tlie 
coverage and g^metrical observation conditions actually 
olitained bv the science instniments. This information 
which wa.s an essential element nf the Supplementary 
Experimenter Data Records (SEDRs), was mechanically 
generated by the SDT using the LIBPOG Program (a 
special version of POCASIS developed and maintained by 
the Navigation Team — see Section II of Science Se- 
ntience Design) inputting the appropriate PET and esti- 
mates of the actual scan platform pointing directions 
derivef’ from spacecraft telemetry. As discussed in Sate!- 
Hie Orbit Determination, very stringent accuracy require- 
ments were placed on these “smoothed" PETs required 
fortheSEDRs. 

In es«?nce, the science sequence design involved inte- 
grating the experimenters* observation desires into viable 
scan pUtform observation sequences. The observation 
desires, us formulated by the Science Recommendation 
Team (SRT), were grossly cor^patible with the geometri- 
vix\ constraints as a result of continuing interaction be- 
tween the Navigation Team and the SRT. Through this 
interaction, the Navigation Team kept the SRT apprised 
of w*hat rtieus woaki be viewable on future rev'olutions 
and gained an earl)’ understanding of the SRT desires. 
Because the Na\igatkm Teams Interface with the SRT 
was the most demuxling, a staff position to the Naviga 
Mon Team Chief - that of SRT Representative was 
dedicatesj to coordinating this interface and representing 
the Navigation Team in the MSWC. Six days before exe» 
cuMon, the observation targets for a given revolution pair 
were finalized and deUvered to the Navigation Team. 


Based on prescribed observation times relative to peiiap- 
sis, thi POCASIS Program was then used to target i/ie 
U'(jnired scan platform pointing directions. Constraint 
\ iolations uncovered in the targeting process, such as in- 
sufficient time to sknv tlie platform between observ ations, 
v\ere resolved by timing and/or target adjustments 
negotiated through the MSWXi. The final sequence tor a 
revolution pair w’as defined in ten*.s of observation times 
and platform cone and clock angles, and was delivered 
bv the Navigation Team to the Spacecraft Team for im- 
plementation 4 days before execution. The sequence evo- 
lution proc'ess is described in considerable detail in Sci- 
cticc Scaticncc Design, 

The Navigation Team controlled the Mariner 9 flight 
path through sp<*cifieation of the propulsive maneuver 
parameters to the Spacecraft Team. These parameters, 
which uniquely defined each propulsive maneuver, were 
the spacecraft loll and yaw turns, the iV to be imparted, 
.md the engine ignition time. Throughout the mission, the 
Navigation Team adjusted the overall maneuver strategy’ 
in accordance with the evolution of the mission objectives 
and constraints, as discussed later in the Synopsis. The 
maneuver strategy determined when a maneuver was to 
be |x»rformed and the targeting criteria for the maneuver 
(e.g., the desired post-maneuver orbital period, periapsis 
altitude, etc.). The precision targeting was performed 
with the Maneuver Operations Program System described 
in Section IV of Maneuver Analysis, The required inputs 
were the latest precise trajectory prediction, the pre- 
scribed ignition time, the targeting criteria, and pertinent 
spiicecraft characteristics. The spacecraft characteristics, 
which were supplied by the Spacecraft Team, included 
the mass and the thrust components in spacecraft coor* 
(linate» as a function of time from ignition and predictions 
of thrust pointing and shutoff accuracy. The MOPS 
output the required and eight roll-yaw turn pairs, any 
one of which would achieve the required thnisting direc- 
tion. Plots of the traces of the Earth, Sun, and Man in 
spacecraft eone/rlock angle were also output for each 
turn pair. The Navigation and Spacecraft Teams jointly 
analyzed these plots with constraint overlays to select the 
best turn pair. Has process is further discussed in 
Maneuver Antdysis, All significant elements of the ma- 
neuver design were presented to (he CMO and Mission 
Director for apjpsovsA prior to implementation. It is note- 
wcailiy that the monumental eHort of the Navigation 
Team required for precision fli^t path control (i,e., the 
processing of literally thousands of tracking observations 
to solve for tens of trajectory and model parameters and 
the development of the maneuver strategy requiring 
exhaustive statistical analysis) disHUed into four crucial 
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numbers the roll/vau tuin pail, ij;nition time, and 
iV) delivered to the Spacecraft Team for execution of a 
given maneuver. 

The functions of the seven groups and three staff posi- 
tions within the Navigation Team are summari/ed in 
Fig. 2. During, the orbital mission, the functions of the 
Trajectory Group were absorbt»d into the Advanced 
Sequence Planning Group when the latter group was 
formed. The number of engineers that staffed each ele- 
ment is indicated. The computer programs used by each 
group are described in the respective sections of this 
report. 

All the Navigation Team coiiiptitei* prGgutiiii,s weri 
operated in the Univac 1108 computers, whereas the pre- 
processing of the tracking data and the generation of 
station observable predictions by the DSN were per- 
fonned in the IBM 360/75 computers. The deliveries of 
tracking data to the Navigation Team and of PETs to 
the DSN were accomplished by hand-carrying magnetic 
tapes between the computers, which were located on 
adjacent floors of the Space Flight Operations Facility 
(SFOF). Tlie Data Processing Team coordinated these 
data transfers; however, any technical problems with the 
data were handled directly between the Navigation Team 
and NATTRK. Although considerable problems were 
experienced in this tracking interface during pre-launch 
testing, the interface worked quite well throughout the 
flight. The Navigation Team and NATTRK closely moni- 
tored the incoming tracking data on closed-circuit TV 
displays of the raw data being received over teletype and 
the pseudo-residuals of the data, which were computed 
based on the tracking predictions in the 360/75 computer. 
The pseudo-residual displays were also used for realtime 
mmiitoring of the propulsive maneuver through the 
doppler signature. 

Ihe POGASIS program runs for science sequence de- 
sign were run from remote 1108 demand terminals located 
fai the Navigatim (Nav) Area. The gra(4iica! display 
capability of these Tektronix CRT terminak was ess«i- 
tial to rapid sequence design. It provided an immediate 
display of the predicted coverage, whkdi the POGASIS 
engineer would inspect to judge v.'hat changes diouhl be 
made In the sequence parameter inputs. He xi’ould enter 
these dianges at the keyboard and obtain a new coverage 
display. This procedure would be repeated until a satk- 
fadery sequence was obtained. The Tektronix tenmnal 
abo provided hard copies when desired; these were par- 
ticularly useful when It was necessary to discuss a cover- 
lid pnMem widi people in a different locaMon. 


In gciKTal, and with the described aboxc, all 

Navigation pri>grains wen* loaded at the Uin'vac 9300 
remote* bulk t(‘rmjna1s by the Data Processing Team 
(DPT) in an area adjacent to the \a\igation Area. 'Pbe 
DPT was r(*sponsible for picking up the run decks from 
the engineers in tin* Nav Area and delivering tlie output 
to them. The DPT controlled Tektrotiix :kc<*ss to the 
1108 also. They eoo|x*rate(i to tlie fullest possible extent 
in serving the computing needs of the Navigation Tc*am, 
and in fact, the 1108 computing priorities were essentially 
established by the Navigation Team Chief or liis icpii - 
sentativc*. It was found that the runs to be loaded into 
the 1108 had to be very judiciously selected in order to 
maintain a run mix in the* 1108 core and backlog com- 
patildt with the aulumatic job swapping of the 1108 
Executive. The difference in the ratio of throughput time 
to central processor unit (CPU) time between judicious 
and indiscriminate loading could easily be as high as 
a factor of ten — that is, the ratio wouhl increase from 
3 to 30. 

Tlie most serious 1108 problem for the Navigation user 
was created when the 1108 Executive system was en- 
larg(‘d to the point that 130K words of core were no 
longer available Tlie Navigation programs were tailored 
to require no more than 65K words, so that two of them 
c*ou1d co-reside in core based on the original allocation of 
130K word.s to the user programs. Conse<iuently, few of 
the Navigation programs could co-reside, and the judi- 
cious loading became even more important. Another 
problem was the lack of a roll-out/roll-in capability 
whereby the load on the 1108 could have been imme- 
diately reduced by entireV removing selected jobs, 
completing a very high priority job(s), and then retuni- 
ing the removed jobs to continue computation at the point 
of interruption. In critical situations, it was necessary to 
**kiir jobs in order to expedite those of higher priority, 
and those "'killed" had to be restarted later from the 
beginning. However, In spite of these problems, the over- 
all performance of the 1108 was truly excellent from a 
Navigatkm standpoint throughout the mission. 


ii. Synoptfe of Naviiithm Active 

A chronological summary of the most significant navi- 
gation events b presented in this section. *i1ie km of 
Mariner 8 due to a laundi vriiide failure resulted not 
only in the redesign of the desired orbit about Mars to 
accommodate die objectives of both Mistions A and B 
into the sin^ mission remaining but also in an increaied 
empharit on rehabdtty. Virtually all the gmimddiised 



ri’somcvs (i.r.. m.mpowiT ..iwj t'cpiipir.rrit) pJtiiuUil \ui 
the Iwii missions were retaiiuu! and concentrated on tiu' 
sint;|i‘ spacecraft. This resulted in essentially tontinnons 
tracking coverage of Mariner 9 from launch through the 
end of th(‘ jirimary orbital mission. A slight relaxation of 
th<* tolerances on the clc»sirc’d Mars orbit was negotiat(‘d 
with the Sc‘i('ntific Imcvstigators m order to utilizi* a 
inaiuMiver stratc*gy which would achieve »!ie final orbit 
with a single in-orbit trim maneuver rather than the two 
trims presiously pkinncd. riu» elimination of the siooncl 
in-orbit trim prior to the (weeution of the primary scientific 
mission was considtTc'd a very significuint reduction in 
risk, since* .my [)ropulsi\e manemer could result in a 
catastrophic failure. 

Mariners* Ma< launcled by .\l!as/Ccntaur A(.'-2‘3 from 
Complex 36H at tin* Air Force Ea.stern Test Ihinge 
{AFFTm on Nfay m 1971, at 2223 f:MT, about 6 min 
into a i-h launch window. Oetail.s of the launch trajectory, 
which was very tu*ar nominal, are givc*n in the Trajectonj 
l)r.s( ription. Estimate's of the Oiitaur trajc*ctoiy trans- 
mitted to the* Navigation Team by voice and teletype from 
the \\k w\ Time (annputer Complex at AEF3TH during the* 
first hour after launch ir.dicatc*d that the traji*ctory was 
sufficiently near nominal for die already generated nomi- 
nal DSN predicts to Ik* adecpiate. (The estimates were 
hast*d on tracking the Centaur C-band beacon from 
Antigua ami Ascension Islands.) Tins %vas later confirmed 
by the first prevision orbit determination by the Naviga- 
tion Team Ini.sed on DSS 51 doppier and angle data from 
the spacecraft. At this point, it was clear that the first 
midcotirse planned for 6 days after launch would easily 
remove the launch guidance errors and bias. 

During the ncar-Earth iiiksion pha.se, a iiK*mlier of the 
l>SN Nc*twork Analysis Team (NAT) resided in the Navi- 
gation Team to expedite the production and transmession 
ot the DSN tracking predicts ami the n'ceipt of tracking 
data. Also, hcCuuM; uf |Mobirlii» vA|jciWi»crd by die DSN 
during pre-kiutich testing in preprocessing the tracking 
data in the 300/75 computvn, tracking data ta|x?.s were 
gtmi*rated in iMrallel on the 7004 s>*stem tor the first few 
hours of the flight. Fortumitely, the 360/75 perforim*cl 
satisfactorily in producing the tracking tapes during this 
{diose, and the 7004«produced tapes were not rec|uired. 

Since the scan platform unlatch and cmgine venting 
would perturb the spacecraft trajectory, these events were 
c*ommancted 1 day after launch to 0) provide an unper* 
htrbed, l^y. near*Earth tracking arc to obtain a reason- 
ably good 0 ^ solution, (2) provide a 5-day arc for the 
orfitt re-determination upon which the midoourse would 
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!)c basi‘ci, .uul v3) pi(*ciu(ic Fnc perturbation on the post- 
midcoiirst* trajectory . 

Following the unlatch and v(*nting. the (diief of Mis- 
sion Operations retjuested for logistical reasons ti»:»t the 
midcoiirse be advanced to lauiu h plus 5 days. Because the 
orbit determination was going (‘xceptionally wt*ll — the 
({uality of the data fits was significantly better than ob- 
tained on previous planetary mi.ssions — and the expected 
maneuver execution error would dominate* the expccteJ 
OD error, the Navigation Tc*am concurred. At midcourse 
minus 12 h, the orbit solution for the final first mid- 
course design was seli‘ctc*d. This solution estimated solar 
pressure components and station locations in addition to 
state. The (*xcellence of the data fit, coupled with the 
I c*asonablenc*ss of the solution parameters, gave high con- 
fidc*nce in the .solution. The pre-midcourse orbit deter- 
mination activity c*xperieneed no significant difficulty. 
Flarly ranging data again proved their value in that the 
diffc*rc*nces between the doppicr-only and doppler-plus- 
rangc* solutions facilitated the identification of data biases. 
(See* Sections Cl and C2 of Interplanetary Orbit Deter- 
mbuition for details.) 

The first midcoiirse design was an integral part of the 
ovc*rall maneuver strategy. The prt*dicted orbit insertion 
errors were much tcK) large to |>erinit inserting directly 
into the final desirt*d Mars orbit within the tolerances 
specified. (a)nM*cpientIy, the strategy was to in.sert into an 
initial orbit that would facilitate achieving th(* final orbit 
with a single orbit trim maneuver in most ca.ses. The final 
de.siri*d orbit orientation and periapsis altitude could tx* 
s;itisfaetorily achieved at iasertion, thus n*quiring the 
single trim only for orbital |Xfriod adjustment. The target 
\ alue of the initial orbital |K*riod was to he 12.5 h, and the 
arrival time at Mars was to bi such that the first periapsis 
IXLssage would ocvur 2.5 h before the middle (i.e., zenith) 
f?f the Go!d.stone view |X'riod. This would ensure tluit 
ev en in the prc*sence of dispersions as high as 3 the time 
of periapsis passage on subsequent revolutions w'ould 
migrate quickly into the 1-h window following Coldstone 
zenith. At the periapsis occurring within this window, the 
single trim would adjust the orbital period such that every 
other subsequent periapsis would occur v^ithin the win- 
ik>w throughout the primary mission. 

'file orbit insertion was to l)e a coplanar maneuver of 
1610 m/s targeted to the 12J5-h perkid and a periapids 
altitude of 1300 km, with the Ibinagnitude of the ap* 
proach trajectory targeted to maximize the resulting 
apskkil rotation of the orbit in the presence of disper- 
sions. To ensure rotation greater than 138 deg with hi^i 
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probability, tlit* targrt \alut* ot B-inagnitudo was sflt’cted 
as 8200 km, witii the uiKb‘rstanding that the periapsis alti- 
tude target would be allowed to Moat upward (and would 
not be eorreeted after insertion) for actual approaches 
above 8250 km.’ This strategy is illustrated in Fig. 4 of 
Matwttvcr Analysis. 

The foregoing dictated the aim point for the midcourse, 
namely, a B-magnitude of 8200 km and an inclination to 
the Mars e<|uator of 05 deg. The predicted accuracy was 
such that a planetary (piarantine bias was not re<juired. 
I'he arrival time target of November 14, 0029 GMT, was 
intentionally biased 25 min late so that the likely second 
midcourse 20 days InTore encounter would 1 h‘ a 2-m/s 
maneuver along the iipproach direction. Small adjust- 
ments in the maiuMiver direction would prcnluce the re- 
<|uired correction of the B-magnitude error from the first 
midcourse. This technique would minimize the set'ond 
midcoiirse execution errors by orienting the dominant 
error source (i.e., the fixed shutoff error is dominant for 
small maneuvers) nearly perpendicular to the B-magni- 
tilde gradient. The B-magnitude was by far the most criti- 
cal delivery parameter, and the stress on this paramc»ter 
will be evident throughout the interplaii jtar>' phase of 
this synopsis. The probability that a second midcoursi' 
would Ik* necessary to achieve the required B-magnitude 
attjuracy of 550 km was estimated to be 40% at the tirni* 
of the first midcoiirse. 

The launch injection aim |Kiint had l>een selected to 
satisfy two constraints: (1) a propulsion system constraint 
that the first maneuver exceed 5.6 m/s, and (2) the con- 
straint to utilize a maneuver direc^tion such that the low- 
gain spaci*craft antenna would point to Earth, providing 
engineering telemetry during the motor bum. These con- 
straints required biasing the injection aim point over 
40,000 km and the arrival time about 1 day late. The aim 
point bias easily satisfied the planetary quarantine con- 
straint and corresponded to a nominal midcourse of about 
8 m/s. 

On the third day after launch, tlie Navigation Team 
Chief presented a review of the overall maneuver strategy 
and tl^ prelimiiuury first midcourse derign to the Mission 
Director for his approval. Following approval, the man- 
euver parameters were transmitted to the spacecraft and 
stored in the central computer and sequence (CC&S). The 
orbil solution selected for the final design on the day 
of the maneuver indicated B« f « 26412 Lm, B*R « 
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19,839 km, and arrival time = November 14, 1935 C'.MT, 
corresponding to a Gentaur injection error of slightly more 
than 1 tr. The OD uncertainty (1 <?) was 119 km — well 
within tlu‘ Project-specified accuracy requirement of 250 
km. A 6.73bin/s maneuver was designed to achieve B*T 
= 5473 km, B-R = 61(Xi km, corresponding to the B- 
magnitude of 8200 km and inclination of 65 d g, and the 
arrival tiim* of November 14, (X)29 GMT, The spacecraft 
GG&S was updated accordingly, following the final com- 
mand appnn al conference. The maneuver was executed 
as planned. During the motor bum, realtime monitoring 
of the doppler shift indicated that a near-nominal man- 
em er was executed. 

For a few days following the midc’ourse, orbit deter- 
minations wtTc performed daily to gain t‘onfidence that 
the maneuver had, in fact, been normal and, therefore, 
no ciirrective maneuver would lx* required until the 
scheduled second midcourse. Full confidence was 
achieved when fitting post-midcourse data with an ex- 
tremely liKise a priori estimate produced satisfactory re- 
sults. It was then known on the basis of radio tracking 
alone (i.e., no reliance on telemetry) that the midcourse 
<*xecution errors were less than a. The execution errors 
could Iw fairly well determined at this ixiint b> differenc- 
ing the pre- and i>ost-midc*ourse orbit solutioas since the 
major errors in the orbit determination process would be 
common to the pre- and jxjst-solutions. Thereafter, the 
Navigation Team updated its e.stimate of the trajectory 
weekly during the interplanetary cruise. 

Shortly after the first midcourse and periodically there- 
after, the Navigation Team designed an orbit insertion 
mantmver which would place the spacecraft in a 12-h 
Mars orbit bused on the current prediction of the en- 
counter conditions. The maneuver was then loaded into 
the spacecraft CC&S along with a repetitive orbital sci- 
ence instrument sequence which would provide the best 
chance of obtaining some orbital science data in the event 
command capability was lost before encounter. See Sec- 
tion IX of Maneuver Analy$i$ fat detaib regarding the 
ilesigfi of this *"autoinatic" insertion maneuver. 

Because the actual first midcourse execution er ror s 
were known to he small and the orbit determination un- 
certainty in B-magnitude was only 119 km (1 o) at the 
time of the maneuver, die probability of nee^ng the 
second tnkhourse dropped considerably based on the 
formal slalislkt. However, the necessity of fully preparfng 
for the second midcourse was unchained. The Mars iqp- 
proach trajectory was to be oontroDed to 350 km (3 #) in 
B-magnitude, corresponding to a periapdi altitude error 
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of 3(X) kin. The pre-fliglit allocation of this tolerance* was 
“equally” divided between orbit determination and sec- 
ond midcourse execution — 250 km (3 <r) each. Because 
of the special biasing of the first midcourse to minimize 
the errors of the second as described earlier, the execu- 
tion errors would now be negligible relative to 350 km. 
Consequently, the entire 350-km tolerance could have 
!>een reallocated to orbit determination. However, the 
emphasis during the interplanetary cruise would be 
placed on gaining a thorough understanding of the po- 
tentially serious orl)it determination error sources l>oth in 
the tracking data and the model parameters in contrast 
to “beating down” the formal statistics. 

Because of the potential second midcourse, the Naviga- 
tion Team had to be prepared to accurately redetermine 
the approach trajectory using only the medimum arc of 
radio data obtained during the last 18 days of approach, 
'fhis would ensure detection of any maneuver execution 
anomalies and would also provide a solution insensitive 
to unmodeled nongravitational forces on the spacecraft. 
At 6 h before encounter, an orbit solution was required to 
effect the final adjustment of the orbit insert<^.. laneuver 
commands. In fact, the requirement tha* iic agnitude 

uncertainty was not to exceed 50 km ( ^ ^ « time was 

the most stringent interplanetary orbit determination 
accuracy requirement. 

The medimuni-arc orbit solutions would be particularly 
sasceptible to DSN station location errors. Although the 
afiproach Optical Navigation Demonstration was ex- 
|)ected to obtain very accurate estimates which wou!d be 
fully independent of radio error sources, these estimates 
were experimental and could not be relied upon to navi- 
gate the spacecraft. Consequently, the DSN Inherent Ac- 
curacy Croup, supported by Navigation Team personnel 
mounted an intensive effort during cruise to obtain the 
best possible station locations for use with the planetary 
ephemeris being developed for encounter activities. 
Station locations are inUmately tied to the planetary 
ejdiemeris. JPL planetary ephemeris DE09, which was 
developed for Marfaier Mars 196B encounter operations, 
was u^ in the design of the first mldcourse. Because 
secular drifts were observed in the DEM Mars ephemeris 
based on radar ranging to Mars since its release, a new 
ephemer is was to be developed by the JPL Ephemeris 
Group for Mariner B encounter based on the DEBB data 
set p^ pertinent optical and radar data obtained since 
1B6B, including Mars radar data to be obtained during 
cruise. Station locatioo estimates would be obtained by re- 
p ro cewlng the encounter tracking data from all previous 
Mariner mis s i o n s for eadi interim e p hemeris produced 


by tlu* Kphemeris (iroup in order to evolve the best pos- 
sible locations and ephemeris for encounter. 

Throughout interplanetary cruise, orbit solutions for a 
variety of data sets and solution vectors were analyzed, 
and the effects of mismodeling certain key parameters 
were studied. This approach would ensure obtaining the 
best orbit estimat' for the second midcourse by identify- 
ing the optimum data set and the most reliable model 
parameter value'^ Orbit solutions were released w eekly 
h)r generation of OSN tracking predicts and to keep other 
elements of the Project apprised of the current Iwst esti- 
mate of tfie encounter c*onditions. Trajectory geometry 
data were supplied to the Spacecraft Team regularly for 
their telecommunications and celestial reference system 
lK*rformaiice analysis and prediction. 

CJruise activities went smoothly until Septeml>er 15, 
when one of the spacecraft attitude control system (ACS) 
roll jets failed to close properly after firing. The resulting 
gas leak produced a continuous torque large enough to 
prevent the spacecraft from returning to that side of the 
limit cycle which would cau.se another firing of the leak- 
ing jet. Consequently, ground commands were sent to 
switch the spacecraft ACS from celestial to inertial mode, 
which would result in the firing of all jets once again. As 
hoped for, this resulted in the leaking jet reseating pro- 
[)erly after firing, indicating that sonie particle had been 
caught between the valve and its seat during the previous 
closing movement. While leaking, being unbalanced by 
Its companion jet in the couple, the jet produced a .serioas 
translational acceleration on the spacecraft. The accelera- 
tion was serious not in terms of its perturbation of the 
actual trajectory but rather because of its potential effect 
on the estimation process. Such accelerations, if not very 
accurately modeled, can cause substantial errors in the 
estimate of the encounter conditions. Since tl.e accelera- 
tions could not be %'ery well determined from the tracking 
data, accurate modeling was unlikely. The corrective ac- 
tion described above was, therefore, required not only to 
arrest depletion of the limited supply of ACS gas but also 
to avoid serious errors In the estimation of the encininter 
conditions. 

The jet leaked sporadically throu^xmt the remaiiMler of 
the fli^t, as ilhittrated in Fig. 20 of Itiietplmieiory OrbH 
DetemMian. Whenever it did not dear itself shortly, 
the corrective commanding was used, and, consequently, 
the encounter con dttiom were not sigidficantly affected 
nor did any serious loss of gas occur. For die remainder 
of die misrian, the Spacecraft Team provided die Kavifa- 
tkm Team with estimates of the u nb a lan c e d force pro- 
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(h’crd !)\ AC'S leaks basal on their teK inetr) aiialvsis. As 
a result (>f the eollahoration of the Navigation and Space- 
craft Teams in analy/ing the "leaky * jet, it was also con 
firintd that another jet had a very small, constant leak 
within spec since laiimli. This had h<*en suspected earlier 
hec.uise of the secular Indiavior of the solutions for solar 
pressure c(H*fficicmts, as seen in Fig. 12 of Interplanetary 
Orbit Petvrmination, A discussion of the handling of the 
accelerations induced hy the gas leaks in the in-flight 
orl)it d(‘termination pnx^ess is prc»sented in Interplanetary 
(?r/u7 Pete rminat ion. Post-flight studies of this problem, 
induding the use of advanca! filtering techniques and 
dual station tracking, are also described there. 

The estimates of the encounter conditions were cjiiitt* 
Stable throughout the cruise pha.se. As the scheduled date 
for the set*ond midcourse approached, October 19 was set 
as the date to decide wh(.»ther or not the maneuver should 
1 m‘ |/erformed. The orbit estimate was, of c'Oiirse, critical!)' 
important to this decision. Fortunately, a long, unper- 
turln^d da»a arc up to September 15 was available. When 
station locations were included in the solution vec*tor, the 
longitudes moved about 7 m from the pre-flight value ~ 
c onsiderably more than the a priori uncertainty. This was 
not of immediate ctincem, .since encounter estimates ob- 
tained with long data arcit would be inseasitive to station 
location errors. It was also known tliat the gas leaks could 
not have changed the actual encounter conditions a large 
amount. The main concern was the seleciicn of an orbit 
determination strategy which would take full advantage 
of all the data available, including those obtained after 
the large sporadic leak started, without allowing the leak 
accelerations to corrupt the estimation process. After con- 
sidering several alternatives, it was decided that the best 
strategy would be to (1) solve for the small constant leak 
acceleration since launch and the solar pressure coeffi- 
cients using the long arc prior to the sporadic leaks, (2) in- 
put the values obtaii^ in (1) and the Spacecraft Team 
estimates of the spOi ;dic leak accelerations obtained from 
telemetry to the tra|v^tor>* model, and (3) then obtain a 
state-only solution for the entire data arc to date. Sasedon 
(1) tiie resulting sdution, (2) indications that tlie yet-to- 
be-delivered new ephemrrts would reduce the B-magni- 
tude estimate by about 50 kin, (3) the possibility of 
additional sporadic gas leaks, and (4) lesser factors, the 
B-magnitude estimate was set at 8235 ± PJO km. The 100- 
km tolerance was not a statistical quanrtty but rather a 
consarvat've judgment of the maximuin amount the esti- 
mate could reasonably change be t ween then and near- 
encxMinter (Le., before significant trajectory bendii^ due 
to Man gravity) based on aO known error m ec h a n i um 
and An additiaii^ information (ej„ traddng data) to be 
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giiiiK'd. Tlu* l-a uiKvrt.iinty in tlit* c.stimatr was con- 
sicli ral to In* 95 km. Scr Interplanetary Orbit Petermina^ 
tion for additional details. 

During cTuise, tiu* Sc‘i(*ntific* Investigators became 
more amcerned o\ er the lack of an upper bound on peri- 
apsis altitude and negotiated a re(juireinent that periapsis 
.dtitmh* In* controlled to lie In , . en 1200 and 15(K) km. 
rhey further spc*cifie<l a preference for an apsidai rotation 
of 140 deg itistead of the maximum jx^ssible. Tlie maneu- 
ver strategy* was modified accordingly. To maximize the 
probability that one in-orbit trim would suffice, the prob- 
ability of re(|uiring a periapsis altitude correction had to 
be ininimi/(*d. This was aeccmplishtd by setting the alti- 
tude targt*t at 1:150 km — in the middle of the acceptable 
range — sirm* the dispersions in altitude were essentially 
symmetrical, Tliere was now a small but significant 
chamt* that an altitude trim would lx» rec|uired. In this 
event, a three-^-im sec|uence would In* performed; the 
first ul seexmd trims umld c*orrec‘t the orbital timing 
.ind the third the periapsis altitude. The cwrelation l>e- 
Iweeii |X)st-in.^crtioii {KTiod and periapsis altitude was 
such that if altitude was out of tolerance, it was very 
likely that the period error would be so large as to re- 
ftuire tw'o timing trims. For B-magnitudes between 8150 
and 8250 km, t’.e apsidai rotation of 140 deg could be 
t rgt‘ted by \ arying the insertion aV as illustrated in Fig. 
U of Maneuver Analysis. Fortuitously, the new recpiire- 
ments and maneuver strategy preserved the optimum 
B-magnitude close to 8200 km - the first midcourse 
target. 

In supixirt of the second micktnirse decision, the trade- 
off data presentee! in Table 5 of Maneuver Analysis were 
generated based on the orbic solution described earlier 
(i.e., B *= 8235 km). It is seen in the table that very little 
would be gained by performing the manettver. The 25- 
min arrival time bias, introduced with the first midoourse, 
could be Lixnpensated for by sinq>ly targrting to a 
sli^tly smaller orbital period. On October 19, the Navi- 
gatkm Team recxxmnended that the second midcourse be 
canct*ned, and the Mission Director approved. 

Because the second mldcouiie was rot required, the 
long-arc orbit determination techniques cmuM now be 
utilized to obtain the encounter estimates to be used in 
computing the Mari orbit imertion maneuver co mm a n ds. 
It was no loi^ necessary to rely on the medium, IBiky 
tracking data arc as origbiaOy pla nn ed . AnCidpation of 
this ci rc umstance had not, however, mfbenoed die second 
midooune dMWoQ. All denents ol dn* 
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incinding the Ntivigation Team, wert^ fully prepared tn 
. upport the second midcourse if necessary. 

Attention was now fo('n'if*d on preparing for the orhit 
insertion. A series of well understood, stable, long-arc 
solutions existed. It was anticipated that there would be 
recurrences of the large, sporadic gas leak; however, these 
would not significantly perturb the actual trajectory. Only 
a near-catastrophic event on board the spacecraft (e.g., 
rupture of a pressure vessel) or a large epheinei is error 
could invalidate the fidelity of the present estimate. 

According to plan, the DSN Inherent Accuracy Croup 
had been processing encounter tracking data from prev- 
ious Mariner missions to obtain the best set of station 
locations to use with the new planetary ephemeris, DE78. 
Develo*'ment Ephemeris DE78 was now available; how- 
ever, t:.e Navigation Team was awaiting the correspond- 
ing new station locations before incorporating DE78 in 
the navigation operations. In spite o^ very substanti.d 
efforts, the DSN was unable to obtain a Locacion Set 
(LS) that agreed satisfactorily with each previous mission. 
Furthermore, the intense scrutiny revealed that this prob- 
lem existed for all ephemerides under consideration, in- 
cluding the current standard, DE69. This was the most 
distressing problem experienced in the interplanetary 
navigation operations. However, since it was no longer 
necessary to rely on the medium arc for the orbit insertion 
command generation, the station location problem was 
not of immediate concern. Medium arcs would now be of 
prime importance only in the event of a spacecraft failure 
capable of significantly perturbing tue actual trajectory. 
It was decided that station location set LS85, which was 
based on uncalibrated Mariner 6 encounter tracking data 
and DE78, would be the best set for the Mariner 9 short 
arcs. The station location problem is discussed in detail 
in Section D of Interplanetary Orbit Determination. 

On November 1, 1971, DE78 and LS35 were incorpo- 
rated in navigation operations. As anticipated, DE78 
caused the B-magnitude estimate to drop about 50 km 
into the 8200-8220 km range, as illustrated in Fig. 1 1 of 
Interplanetary Orbit Determination. Medium-arc solu- 
tions were obtained in addition to the long-arc solutions 
throughout the approach phase (i.e., the last 18 days be- 
fore encounter)* This gave maximum possible assurance 
that if any further problems developed, they would be 
detected because the difference in arc length would make 
the solutions sensitive to different error sources. Although 
statistically cmsistent with the long-arc solutions, the 
medium«arc solutions were unstable, exhibiting changes 
in B-magnitude of over 200 km. Nevertheless, an orbit in- 


sertion mimenver bnsed on niy of fb#» creflihle m(*<biiin- 
arc solutions would have been satisfactory. 

At 5 days before (‘iieounti'r, the contingency “auto 
inatic” insertion maneuver iii the CX]&S was replaced with 
die insertion comipands for the standard orbit insertion 
and trim sequence. The insertion commands had been 
computed using the man^niver s^rateg'^ described c*arlier 
and an o»bit solution having a B-magnitiide estimate of 
8203 km. This solution {POSTMC-42-A) was obtained 
with the long arc of doppler and range data to encounter 
minus 7 (E — 7) days employing the same teclmk|ue used 
to obtain the second midcourse decision orbit, as de 
scribed earlier. POSTMC-42-A was selected because the 
long-arc solutions were well behaved, and it was clear 
that the sporadic gas leak c-ould not have altered the tra- 
jectory significantly. The maneuver strategy had been 
well established and approved earlier, and the* command- 
able quantities for the insertion maneuver were computed 
routinely. Details are provided in Maticuver Atwlt/sis. 

The next update of the orbit insertion commands w'as 
scheduled for the day before encounter at about E 
—24 h. In addition, there was to have been an opportunity 
to update all four maneuver parameters (i.e., turns, igni- 
tion time, and aV) based on tracking data to E — 12 h and 
an opportunity to update aV only based on data to E 
— 6 h; the commands would be prepared, approved, and 
transmitted by E — 6 h and E— 3 h, respectively. The 
final aV update incorporating tracking data to E— 6 h 
would allow the orbit determination process to begin to 
“see*' the Mars gravity bending the trajectory and, there- 
by, significantly reduce the B-magnitude uncertainty. The 
navigation design for the Mariner 1971 mission was, in 
fact, based on reducing the B-magnitude uncertainty to 
150 km (3 ir) by tracking to E—6 h and then updating 
the aV command to achieve an accurate orbit insertion. 
However, following the E—5 day update, the Mission 
Director declared for reliability’ reasons thai the E— 24 h 
update would be the last. The later updates would be 
used only if mandatory to save the orbital mission. 

After the E— 5 day update, shoU-arc orbit solutions 
were obtained in addition to the medium- and long-arc 
solutions. The short-arc solutions would best **see*’ the 
gravity bending near encounter and, therefore, detect 
any serious Mars ephemeris error, llie optical-based solu- 
tions would detect an ephemeris error much earlier, but, 
as mentioned before, they could not be depended upon. 

A few days before encounter, it was learned that the 
Mars radar data taken during the summer, which were 
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iiKlucU'd m the DK78 dataset, had a 1-s timing error. The 
Lphemeris Uroup immediately launched a crash ettort to 
geia*rat(» a new epheincris with the data error corrected. 
The new ephemeris, DE79, was produced in 1 day and was 
loimd to increas(‘ the estimate of B-magnitude by al)out 
30 km. Since it was clear that DE79 was very little difter- 
ent from, and probably slightly better than, DE78, the 
Navigation Team incorporated it into operations on 
November 12. This “last-minute'’ ephemeris change was 
made in order to obtain the bc*st [possible c*stimate of the 
encounter conditions for the E — 24 h orbit insertion com- 
mand update. The differences between the three ephem- 
eiides (DE69, DF]78, and DE79) were sufficiently small 
that the use of one rather than another would not in any 
way jcH)pardize the mission. Therefore, the decision to 
use DE79 was known to be of little consec|uence. 

The long-arc orbit determinations w<‘re still clearly 
superior to the medium arcs. The orbit solution selected 
for computation of the “final” insertion command update 
at E — 24 h indicated a B-magnitude of 8231 km. Tf ‘ 
changes in the other encounter parameters (i.e., inclina- 
tion and time of arrival) were so slight that the significant 
advantage of the uixlate could be achieved by simply 
updating the iV magnitude command by 3.7 m/s to 
1604,2 m/s. The maneuver commands presently on board 
the spacecraft (i.e., those loaded at E — 5 days) would 
result in a nominal |>ost-insertion period of 12 h 32 min 
based on the current B-estimate, rather than the preferred 
value of 12 h 24 min. Consequently, without the update, 
the nominal situation would require the orbit trim man- 
euver near the fourth |>eriapsis, whereas the update would 
delay it to the sixth pei iapsis. 

Performing the trim at the sixtli periapsis was preferred 
because there would then hv an additional day to prepare 
for the tri!n following insertion. "Phe nominal placement 
of the trim was, in fact, the only significant factor relating 
to the update. The Mission Director considered that the 
advantage of the update did not warrart the risk involved 
in commanding the spacecraft at this point and canceled 
the update. 

Now, 1 dkxy before insertion, the stage wa.s completely 
set for the execution of the orbit insertion maneuver. Only 
a truly extraordinary event could warrant updating the 
insertion commands during these last 24 h. Aitetition 
turned to the Optical Navigation Demonstration (OND), 
which would shortly provide a completely independent 
estimate of the encounter conditions. In fact, processing 
of the first set of optical navigation pictures was already 
under wry. 
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The OND was based on imaging Mars’ natural satel- 
lites, Deimos and Fhobos, against the star background tc 
obtain m(*asures of the direction from the spacecraft to 
the mass center of Mars with respect to the stellar refer- 
ences. The demonstration was funded by NASA s Office 
of Aeronautics and Space I'echnology (OAST) to demon- 
strate the feasibility of using optical approach data to 
navigate outer planet missions. 

During the last 3 days before encounter, three pre- 
orhital science picture se<iuences (POS I, 11, and III) 
were to he taken. Each POS sequence covered a 24-h 
period during which 31 pictures would be recorded on 
board the spacecraft and then transmitted to Earth at the 
(Mul of the sequence during the Goldstone view. Tlie 
OND was allocated six, seven, and eight pu ures in POS 
1. n, and III, respectively. Because orbit insertion would 
oc*cur early in the Goldstone view period, the POS III 
picture? would not be played back until after insertion, 
(amsequently, only the POS I and II data would be avail- 
able for Mariner 9 navigation purposes. 

Tlie entire 13-picture allocation in POS I and II was 
targeted for Deimos observations because it was superior 
U) Phobos for the OND purposes. The first of the six 
POS 1 Deimos pictures was lost in transmission. The 
OND estimate of B-magnitude was about 8290 km based 
on the POS I data, which compared favorably with the 
then current radio estimate of about 8235 km. This was 
conclu.sive proof that there was no large error in the Mars 
(‘phemeris and the insertion commands on board the 
spacecraft were satisfactory. By E~8 h, when the POS 
II data had been processed and combined with the POS I 
data, an optical only estimate of 8260 km w^as available. 
Statistical combination of the radio and optical solutions 
.ilso yielded a B estimate of about 8260 but indicated an 
inclination several tenth.s of a degree larger than either 
the radio or the optical solutions. The change in the in- 
clination estimate was consistent with the covariances of 
the independent estimates and, therefore, not disturbing. 
The Optical Navigation Demonstration plans and results 
are discussed in more detail in Section F of InterpUineiary 
Orbit Determination. A post-flight sensitivity study is also 
d('scri1)ed there. 

During the remaining 12 h to encounter, the orbit de- 
iertniiialiuti effort concentrated on the short-arc radio 
solutions. The rapid increase in the Mars gravitational 
acceleration of the spacecraft during these last hours of 
approach would be clearly visible in the do{q>Ier data, 
which would provide a continuing reduction in die en- 
counter parameter uncertainties. The encounter plan pro- 
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vided for updating the orbit insertion velocity increment 
command at E — d h based on tracking JaU taken to 
E — 6 h. However, as mentioned earlier, this update would 
now be used only if the encounter estimate based on the 
stronger doppler data changed so drastically that the 
primary mission could not be achieved without the up- 
date. Following the excellent agreement between the 
long-arc radio and the optical solutions, the update was 
virtually out of the question. Nonetheless, continuing the 
short-arc solutions all the way to initiation of the insertion 
maneuver was important for two reasons. It could prev idc 
evidence of a spacecraft anomaly, and it would provide 
for increasingly accurate predictions of the post-insertion 
orbit. Accurate prediction of the post-insertion orbit was 
particularly important to facilitate rapid post-insertion 
orbit determination convergence. 

Because of a 360/75 computer failure, no tracking data 
were delivered to the Navigation Team from E — 8 h to 
E— 4 h. At E— 4 h, the missing data were delivered. The 
short-arc solution obtained with the addition of these data 
indicated a B-magnitude of 8261 km (within 1 km of the 
best post-tlight estimate!). The Navigation Team now 
predicted with virtual certainty 2 h before encounter that 
the orbit trim maneuver would be required at the fourth 
periapsis after insertion, providing the spacecraft exe- 
cuted the insertion maneuver within specification (i.e., 
execution errors less than 3 o). Operations continupd 
without further incident, and the spacecraft accurately 
executed the orbit insertion maneuver, as shown in 
Table 8 of Maneuver Analysis, The 15-min engine burn, 
which imparted a 1600-m/s velocity increment, began at 
E— 13 min, following a roll-yaw turn sequence of 42 deg 
and 125 deg, respectively. Realtime monitoring of the 
doppler residuals during the bum and for 15 min follow- 
ing burnout prior to Earth occultation confirmed that 
Mariner 9 was indeed in a satisfactory orbit about Mars. 

Accurate determination of Mariner 9*s orbit about Mars 
was known from pre-flight studies to be quite a different 
problem than interplanetary orbit determination. Station 
location errors, planetary ephemeris errors, and non- 
gravitational accelerations would not be of major impor- 
tance. Rather, nonlinearities in the estimation process and 
lack of knowledge of the Mars gravity field were the 
major potential problem areas. Nonlinearity problems 
arise when the perturbations in the observables (e.g., 
doppler data) are not linearly related to perturbations in 
the spacecraft slate at the solution epodi. Because of the 
very dynamic nature of the observables during a Mars 
orbit and the possibility of a large post-insertion state 
knowledge error, this situation mi^t prevail for the initial 


post-inseition orbit determinations. To avoid e'^timator 
divvigciiee due the nonlinearities (which could easilv 
occur using the standard, full-step correction algorithm 
existing in the ODP) an optional, partial-step algorithm 
(PSA) was implemented in the ODP. As described in 
Section B of Satellite O^bit Detennination, pre-flight per- 
formance analysis of the PSA demonstrated that it would 
achieve conveigcnce in the worst imaginable situations. 

The values of the harmonic coefficients of the Mats 
gravity field were unknown except for the oblateness 
coefficient ;/■ ), which had been determined from observa- 
tions of Dcimos and Phobos and from Mariner 4 encounter 
tracking data. The a priori values of all the other coeffi- 
cients were zero. In order to develop the orbit determina- 
tion strategy to be used in flight to cope with the unknown 
field, it was necessary to establish realistic bounds on the 
coefficients. This was done by extrapolation of the Eailh 
gravity model to a Ixjdy the size and mass of Mars, assum- 
ing similar material and equal stresses, as discussed in 
Section C of Satellite Orbit Determination. Table 5 in that 
section shows that the uncertainty in acceleration near 
periapsis due to the unknown coefficients would be much 
greater than that duf' to all other effects combined. 

Inclusion of near-periapsis tracking data in the pres- 
ence of these unknown accelerations could severly de- 
grade a state-only orbit solution. Processing a nearly com- 
plete single revolution of data — deleting only the data 
taken within 1 h of periapsis — would yield a locally 
accurate state-only solution, since the unknown gravity 
accelerations would not significantly influence the motion 
away from periapsis, and their perturbation of the actual 
state in the periapsis region would Ite locally insignificant. 
Tliere would be no point in attempting to solve for the 
gravity coefficients with a single full revolution of track- 
ing data, since this would (1) provide no global informa- 
tion on the field, (2) ciomplicate the estimation process, 
and (3) probably degrade the local solution. 

It was clear that the longitude of node in the Earth's 
plane-of-sky would be the most locally uncertain of the 
estimated orbital elements. Because of the lack of signifi- 
cant parallax at Earth-Mars distance, a pure rotation of 
the orbit about the Earth-Mars line would produce no 
significant change in the Earth-based tracking data. Time 
of periapsis passage would be the least accurately 
predicted element, since it would be in error by the 
cumulative effect of the orbital period error for each 
revolution mapped forward. Tlie position error at a given 
future epodi near periapsis would be the combination 
of die initial node error component ff AQ, where is 
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llu' projt'ction ot the periapsis i«ulms ow the KarllTs plane 
of sky) and the time of peiiapsis passage error (sTp) 
eomi>oiu*nl {Vp\Tp, where Vp is th(» speed at periapsis), 
as illustrated in Fig. V) of Sateliiie Otlfil Dctcrtuhiation. 
In order to have adecinate tinii' to geiuTate and validate 
the eommands reijuired to aeeurati‘ly point the seientitie 
instruments mounted on the spaeecraft sean platform, 
it would he necessary to predict the spaeecratt position 
in tlu‘ periapsis region to lO-km accuracy 14 revolutions 
(7 davs) ahead. Tliis was the most stringent satellite orbit 
determination n*cpiirement. Extensive covariance analyses 
and simulation studic's demonstrated that this requirement 
could not he met until at least the low-order gravity cwffi- 
ei(‘uts v’cre determined. Consec|uently. the following 
strategy was established: 

(1) itf/ vnwmg mode. Using a hatch-weighted, 
least “scjuares estimator, solve for the state (position 
and veloc ity) of the spacecraft from a single revolu- 
tion of tracking data, omitting the data wilhm an 
hour of ixTiapsis which arc most sensitive to the 
gravity errors. Use the partial-step algorithm for 
convergence if necessary. If severe convergence 
problems arise, shorten the data span, and work 
up to a full revolution of data. 

(2) Gravity sensing mode. Accumulate several succes- 
sive rev olutions of daia. Then, using the conditions 
arrived at in step (1) u.s initial conditions, solve for 
the state plus low-order gravity cwfficient.s. 

(3) Po.s/-.semi«g mode. As more data become available, 
resolve for the state from a single revolution of 
tracking data, with the gravity terms obtained from 
.step (2) placed in the spacecraft trajectory integra- 
tion model 

The pre-flight predicted i>osition uncertainty for mapping 

14 revolutions ahead was 400 km and 7 km for pre-gravity 
sensing aiul |X)st-gra\ity sensing, respectively Clearly, 
gravity sensing would be essential to meet the instrument 
lK)inting requirements. 

Gravity seasing would not be necessary to meet the 
orbit control requirements. The most stringent control 
ret'uirement was that the error in time of periapsis ptis- 
sage was not to exceed 78 min 120 revolutions (60 days) 
after the synchronizing trim maneuver. The preflight 
results indicated that a single revolution, state-only pre- 
gravity sensing solution would contibute no more than 

15 min to this error. 


Vo (‘Xinnlite tlu initial post-insertion orbit .olulions, 
llu* partial step algorithm was added to state-only orbit 
determination program ealled TUKED, vvbieh was then 
certified for use in flight opc‘rations. THKEl), with its 
simplified tray etory modc‘1 and interactive 1108 compulci 
inti'rfact*, would vastly reduce the vval eioek time required 
to ol)tain a preliminary orbit solution. Tb * ( “st satellite or- 
bit solution was obtained with TiUvFD usiiiil about 2 h ol 
two-wav, l-niin count doppler, winch began at earth 
oeeiiltation exit, about 66 min from p ^riapsis. This solii 
tion was within 26 km and 3 m/s of the ' pr« jri based on 
tiu‘ final approach orbit determination and a iioiiiinal 
insertion inaneinei. The orbital ixuiod estimate was 
I2b3.5m24s - within 2 min that predi. ted immediately 
before insiatii)!!. Although it was used, the *^SA was not 
ai tiially recpiired since the correction to d.e a priori state 
was well within the linear r gion of l onveigcnce. Tliis 
first solution, which was obtained within minutes after 
receipt of the tracking data, was then input to the 
S.VTODP, and it converged to a state-only solution within 
lO km of the THK.ED solution. SATODP state-only solu- 
tions were later obtained with 4, 8, and 10.5 h of data as 
the data became available. The movement of the estimate 
between these solutions was almiist entirely in the e-^rth’s 
plane of sky, confirming pre-flight ex|x*clatior I'hc solu- 
tion based on 10.5 h was the first of the pre-gravity sens- 
ing, single-ievoliition, state-only solutions. According to 
the established plan, the design of the first orbit trim 
maneuver was based on this solution exc'^^pt for the exact 
ignition time, which was to be updated shortly before 
execution. 

The trim maneuver was to reduce the orbital jieriod to 
Ilh58m48s, which would properly synchronize the orbit 
with the Coldstone view period, causing every subsequent 
even-numbered periapsis to occur near Goldstone zenith* 
as explained in the earlier discussions of the maneuver 
strategy. The target jieriod was to be achieved within an 
accuracy of ±0.65 min. Performing the trinr. at periapsis 
in the direction opposite the local velocity would require 
the least sV and would not change any of the other orbit 
parameters. However, designing the maneuver for execu- 
tion at 20 min before peiiapsis in the direction opposite 
the local velocity at that point would not significantly 
increase the required or disturb the other orbit param- 
eters, but it would be extremely advantageous operation- 
ally, As shown in Fig. 17 of Maneuver the change 

in orbital period for such a design would be quite sensitive 
to the ignition time. Consequently, vernier control of the 
period change could be effected by simply changiiig the 
ignition time. Ignition would occur a fixed time interval 
after receipt by the spacecraft of a direct command 
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0X1*52) horn Kurth th(‘ maiu'uvi > scquonco. 

The Earth transmit time of DC-52 would then d(‘temiini* 
the nominal period change the maneuver would produce. 
The operational advantage would he as follows. The 
tnaneuver aV and roll-vaw turn sequence would he cal- 
culated leased on the first single-revolution orhit solution 
mapped forward to 20 min before the fourth periapsis. 
These param(*ters would he more than ade<iuate evt'n for 
the worst imaginahle orhit determination errors (e.g., 
10 ct). These calculations, the suhse(]iient generation and 
validation of the spacecraft commands, and the loading 
of the spacecraft CC6rS could then l>e accomplished at a 
leisurely pace well in advance ( — 1 day) of the maneuver 
execution. The orhit determination acti\ »ty could con- 
tinue, independently and in parallel, processing data up 
to a few hours before the maneuver. The DC-52 transmit 
time could then he based on an orhit solutior obtained 
just hours before ignition. 

Based on the fii^t single-revolution, the iV and 
roll-yaw sequence was 15,25 m/s and 34.4 deg and 
128.7 deg, respectively. These parameters were loaded in 
the CC&S about 1 day before the maneuver, as planiietl. 
Meanwhile, the second single-revolution orhit solution 
was obtained and, subsequently, the third. Comparison of 
the results from the three single-revolution solutions was 
disconcerting. The dispersions of the |)eriapsis position 
estimate in the Earth s plane of sky and the orbital period 
estimate were three to four times greater than predicted 
on the basis of the pro-flight gravity uncertainties. Conse- 
quently, gravity sensing was l)egun immediately. A state 
plus second- and third-degree gravity coefficients solu- 
tion was obtained using the first 2.5 revolutions of data. 
This solution agreed well with the three single revolution, 
state-only solutions but estimated the gravity coefficients 
to be four times larger than expected. Since this solution 
was based on data from only about 6% of the planet, 
there was no way of knowing whether the global field 
effects were actually four times greater than anticipated 
or whether Mariner 9 w^as simply experiencing a localized 
gravity anomaly. The former was considered more likely, 
which would mean that the orbital period would oscillate 
much more than anticipated. The locally determined 
period was clearly decreasing from revolution to revolu- 
tion; however, there was no way of knowing at this point 
whether the local value was above oi below the mean. 
There was no point in delaying the orbit trim maneuver 
in order to attempt to determine the true orbital period 
signature by fitting several more revolutions of data. If 
the trim was not performed as scheduli^ near tlie fourth 
periapsis, two trims would then be required in any case - 


the first to h.ul tlir (h)Kl.sloiu’ window and the 
st*cond to s\ nclironi/r wh(‘n hack in it. 

Because the 2.5-rcv()hition, gravity sensing solution 
agreed well with each of tlu* single-revolution, state-only 
solutions, it was us(*d to eon piite the desiri‘d ignition 
time. It predicted at) orbital p(*n )d in the fifth revolution 
15 s les.s than tlu» first single-revolution solution indicated. 
(a)nse(piently, tlu* IX]-52 was transmitted 1 min earlier 
than had been tentaliu'ly planned in order to reduce the 
period eorreelion hv 15 s and nominalK \v \e the de- 
sired period of Uh5<Sm48s in the fifth rev olution. Exactly 
tlu* same period eorr<*etion could have be<*n ohtaineil by 
setidiiig the DC-52 I5m40s late (see F.g. 17 of \taneuver 
Amihjsis), and this would have been ilone if the first 
tre*u' mission had not hecM '^oece.ssful. In fact, if the first 
;md second transmissions failed, the DC-52 would have 
!>ee»i .v( hi repeatedly in hopes of reducitig the periapsis 
tnigration away from Coldstoiu* /t aith. 

Nfonitoring tne rt»al-time doppler residuals during fhe 
maneuver gave immediate confirmation that the ma- 
neuver was near-nominal. Tlie first single-revolution orhit 
solution after the maneiner indicated that a fifth- 
rt'volulion orbital inriocl of Uh58ni49s had been achieved 
- an error of only 1 s. The maneuver performance is 
summarized in Tables 9 and 10 of r Amhjsis. 

On the day follo'.ving the maneuver, a fourth-order 
gravity harmonic solution was obtained by fitting the 
tracking data over the four pre-trim revolutions. This 
model was u.sed for the single-revolution, state-only solu- 
tions through revolution 10. The marked improvement in 
the stability of these solutions, which is illustrated in 
Fig. 26 of Satellite Orbit Determination, gave increased 
confidence in the model. Integrating the trajectory for- 
ward with this model indicated that the orbital period 
would oscillate in a quasi-sinusoidal manner with an 
amplitude of ±35 s and a wavelength of 32 revolutions. 
Most importantly, it indicated that the mean period 
would he about 31 s less than the local value had been in 
revolution 5, About a week after the trim, sixth-order 
harmonic solutions had been obtained for both the four- 
revolution pre-trim data arc and a six-revolution post-trim 
data arc. The estimated parameters for the latter solution 
Included the Mars pole direction, which moved about 
i deg from the a priori value. The various gravity model 
solutions were fairly consistent and gave further evidence 
that the orbital period would oscillate. The latest model 
indicated an amplitude of ±43 s and a wavelength of 
revolutions. Tbc predicted oscillation was due to the 
soK*ed*for values of the tesserial harmonic coefficients Cit 
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and Sjj, which wore nuioh larger than anticipated. These 
values suggested that the cross section of Mars normal to 
its spin axis is rather elliptical. The Navigation Team 
explained how such a mass asymmetry could physically 
produce th<‘ period oscillation. This explanation, which 
was .suhsequently fully confiimed, is given in Section I VC 
of Satellite Orbit Di termination. 

Periodically, new sixth-order gras ity models were ob- 
tained using the most recent four-to-cight-revoliition data 
arcs. These models were used in the single-revolution fits 
as they became available. For the first week after the 
maneuver, the observed orbital period decreased at a 
nearly constant rate of about 5 s per revolution, exactly 
as the new gravity models predicted. There was consider- 
able anxiety, however, to observe the period actually 
“bottom out” and begin increasing, as the model predicted 
would occur after about revolution 20. It was most grati- 
fying when this also occurred exactly as predicted. By 
revolution 42 on December 5, the actual observed period 
had completed a full cycle. The observed signature is 
illustrated in Fig. 25 of Satellite Orbit Determination, The 
observed amplitude of rt 40 s and wavelength of 37 revo- 
lutions clearly confirmed the recent harmonic coefficient 
solutions. The orbital period could now be accurately and 
confidently predicted. The mean period was, in fact, 
Ilh58ml3s — 35 s less than the orbit trim target value. 
Although this 35-s error was within the ±39-s (i.e., zt-0.65- 
inin) accuracy requirement, it was causing operational 
difficulties, which would grow as the mission progressed. 

Mariner 9 s primar>' objective - mapping the surface of 
Mars between 65 deg .south and 25 deg north latitude — 
was to be accomplished by taking a full tape recorder 
load of pictures at each periapsis. All recorded data were 
to be played back to DSS-14 at Goldstone because the 
Goldstone station could receive the data at 8 times the 
rate of the overseas stations. Controlling the orbital period 
such that every other periapsis passage would occur near 
the middle of the Goldstone view period was essentia] to 
this mapping plan. Pictures recorded at the preceding 
(i.e., nadir) periapsis would be played back during the 
first ^3 h of a Goldstone view. A new load of pictiire.s 
would then be recorded at the "^zenith" periapsis and 
immediately played back during the last ^3 h of the view. 
In this way. two full tape recorder loads of periapsis data 
would be obtained each day. The mapping would be 
accomplished in four complete bngitudinal circuits. 
Because of the growth in the Goldstone view period with 
orbital mission time, a periapsis passage time error of 
±7S min would he tolerable on ilw 60th day. This was 


the basis of the » 0.65-min period aecuraey spec. The 
anticipated data rate reduction from 16 to 8 kbits A after 
the 60th day removed the importance of accurate period 
control. Unfortunately, the mapping mission, which was 
to have commenced immediately after the orbit trim 
maneuver, had to be postponed because of a planet- v ide 
dust storm on Mars. In its place, a reconnaissance mi.ssion 
was performed. As discussed in Science Sequence Design, 
the reconnaissance mission involved entirely dil^ferent 
science sequences than the mapping mission. The new 
sequences required taking TV observations farther from 
periapsis; consequently, playback of the data acquired at 
the nadir periapsis had to begin over DSS-62 at Madrid, 
Spain, in order to be completed early enough in the 
Goldstone view for the early TV data to be recorded. 
Since DSS 62 could receive data at only 1/8 the rate of 
DSS-14 at Goldstone, this was very inefficient, in addition 
to being logistically complicated. The advisability of a 
second orbit trim maneuver to alleviate this problem was 
now considered. 


By mid-December, Mariner 9s observations of the 
planet indicated that the dust storm was clearing and that 
the mapping of the Mars surface could begin at the end 
of the month. A new' 60-day mapping mission was de- 
signed which would complete the three-longitudinal 
circuits of Mars between the 50th and the 110th day in 
orbit. This mission design required a second orbit trim 
maneuver which would adjust the orbital period such that 
a signal transmitted from the spacecraft 15 min after the 
220th periapsis passage (on day 110) would reach DSS-14 
within 72 min of its zenith with 95% probability. The trim 
was to be performed in the 94th revolution. Consequently, 
the post-trim target value of the mean period would be 
Hh59m32s, and the 72-min timing tolerance implied a 
mean period control accuracy requirement of 17 s (1 a). 
Since the current mean period was now known to be 
Ilh58ml3s, a 79-s increase in the period would be re- 
quired. The spacecraft trajectory was integrated forward 
beyond one full orbital period wavelength using the latest 
sixth-order harmonic gravity model with a 79-s period 
increase applied in revolution 94. As expected, the orbital 
|)eriod signature amplitude and wavelength changed only 
slightly — from ±40 s and 37 revolutions to ±37 s and 
39 revolutions, respectively — as a result of the period 
adjustment. Therefore, it would be satisfactory to simply 
increase the local orbital period in re\*o!uiion 94 by 79 s. 
In addition to coiTectlng the period, it w*as also desired to 
raise the periapsis altitude about 300 km In order to 
reduce the gores (i.e., underlap) in the planned mapping 
coverage. 
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liocausc ol (lit* r\cr!U*nl cotulilion ol tlu* spacfcrall, tin* 
Project was not apprehensive about jK'rtorniinK another 
propulsive maneuver. Normally, in order to conserve 
propellant when perio<l and jx^riapsis altitude are to be 
changed, a trim is performed at aixiapsis to adjust the 
periapsis altitude, followed by a trim at periapsis to adjust 
the period. In this particular case the period and altitude 
could be corrected with a singh* trim, as illustrated in 
Fig. 24 of Monntvcr Analysis. The velocity increment 
required would be about 42 m/s in contrast to 22 m/s for 
the two-trim .secpience, but this was inconsetpiential Ix-- 
cause ample propellant was available as a result of the 
near-nominal navigation |X*rformance to date. The o|x*ra- 
tional advantages of fx^rforming one rather than two 
maneuvers were overwhelming. Of the two |x>ssible singU^ 
maneuver |X)ints shown in Fig. 24, the inlx)und one was 
the clear choice because the other required a spacecraft 
attitude which would preclude a communication link 
during the burn. As shown, the velocity increment would 
lx* applied essentially |X‘rpendicular to the Ux'al velocity 
in oroer to raise the periaps»s altitude without pro.lueing 
a large period change. The small required jx'riod increase 
of the 79 s would be produced by "tilting" the velocity 
increment just enougli to increase the magnitude of the 
local velocity the required amount. Consequently, the 
orbital period control error w'ould be dominated by the 
spacecraft poinring error and the nomimi velocity incre- 
ment magnitude. This resulted in the interesting circum- 
stance that the allowable altitude increase was limited 
by the ma.ximum velocity increment, which would yield a 
period error of 17 s (I <r). Accordingly, the periapsis alti- 
tude target was set at 1650 km. As in the first maneuver, 
the DC-52 maneuver-initiate command would provide for 
vernier adjustment of period correction based on tracking 
to a few hours before execution. However, there would 
not be a second opportunity to send the DC-52 — it would 
be necessary to wait until the following day. Because 
period control accuracy was critically dependent on pre- 
cise alignment of the velocity increment relative to the 
local velocity and nearly all the tolerance was already 
allocated to the spacecraft pointing error, the DC-52 
transmit time tolerance was only ±14 s, compared with 
several minutes for the first trim. 

Several days before the maneuver, the desired AV and 
rolb-yaw sequence was computed to be 41,8 m/s and 
33 deg and 118 deg, respectively, baied on the latest orbit 
solution. These were subsequently loaded in the CC&S. 
On the day of the maneuver, a sinfde-revolution, state- 
only solution from revolution 93 tracking and based on 
the latest sixth-order harmonic model was used to calcu- 
late die exact DC-S8 transmit time. The maneuver was 


rxciutcd without mcklcnt and monitored as befoie. 'Hie 
maneuver performanee i.s siinnnari/ed in Tables U and 
12 of Matwuiw Analysis. Notice that the local period 
error was only 6 s, well within the specif itd tolerance 
and, lliis time, the mean period was eontrolle<l with 
equivalent accuracy. This concluded the Mariner 9 flight 
path control activities, no further propulsive maneuvers 
were recpiirt'd. 

('onelusion of the flight path control function did not 
result ill a significant reduction in the Nav igation Team’s 
workload hut rather, in a change in emphasis. From now 
on, the Team would be involved almost e.xelusively in 
scieiKv stxpientv design and implementation and the 
verv accurate pretliction of Mariner 9’s trajectory for that 
purpose. The Nav igation Team had been performing this 
function ever since Mariner 9 b 'gan its final approach to 
Mars. Cadcniating the scan platform cone and eUx’k angle.s 
required to accurately capture Mars in tlu' instrument 
fields-<if-viev' during the approach was completely rou- 
tine from a navigation standpoint Ix'cause of the large 
distanci^s involvetl. In contrast, imaging the natural satel- 
lites (Deimos and Phobos) for optical navigation was 
(piite difficult Ix'cause of the large uncertainties in their 
ephemerides, as discussed in Section F of Interplanetary 
Orbit Determination. Originally, it was planned to take 
very simple TV mapping sequences near each ix^riapsis 
after orbit insertion only until the orbit was synchronized 
by the trim maneuver. In anticipation of the existence of 
a relatively large orbital |)eriod uncertainty for a few 
hours after insertion, si>ecial provisicins were made to 
effect a late update of the start time of the mapping se- 
quence at the first periapsis. This update was success- 
fully achieved based on the 4-h post-insertion data arc fit 
mentioned earlier. The primary contiguous mapping was 
to begin soon after the trim. 

The TV pictures froin the simple pre-trim mapping 
sequences showed that the dust storm was almost totally 
obscuring the surface of Mars, and it would have been 
pointless to begin the contiguous mapping before the 
storm cleared. Therefore, the simple mapping ^uences 
were continued after the trim maneuver. This activity, 
known as cycle 1, was terminated on rev olution 15. Cycle 
2, which provided for more global reconnaissance than 
cycle 1, was conduct* I on revolutions 16 through 23, 
while a new reconnaisiaiic^e-oriented science plan was 
being developed. It was cycle 2 global observations at 
about 2 h before periapsis that necessitated playbadc of 
part of the nadir periapsis data over DSS-62at Madrid. In 
essence, cyde 2 invalidated the orbital period control 
accuracy spec of ±0.65 min and first promised considera- 
tion of a second trim maneuver, as discussed earlier. 
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The new retoniiiiissanet' mi,ssio!i [>1an was implemeiileil 
on n*\olution 24. It eon.sisted of two eyehvs, Ih'eonnais- 
sanee I (re\'oliitions 24 throiiKh and Ih'coiniaissanee II 
(revolutions 64 through 99), whieli were (juite similar. 
Cdohal observations with the wide-angle A eamera and 
observations of spedfie targets with the narrow angle, 
higleresolution H-eainera were obtained on eaeh revolu- 
tion. The primary feature of the plan was that the pictures 
from A-camora global observations weie inspected to 
identify specific targets relatively dust-free areas for 
observation by the B-camera several revolutions later. 
This activity retpiired far more strenuous scan platform 
targeting operations by the Nav igation Team than tlu' 
original mission plan. Although occasionalK a target was 
missis! as a result of an orbit prediction error, the over 
all i^erformance of these targeting operations was excel- 
lent. 

Mariner 9's primary mission of contiguously mapping 
70% of the Mars surface began on revolution 100, shortly 
after the second orbit trim maneuver. Mapping cycles, 
1, 2, and ^ were executed on revolutions 100 to 138, 139 
to 177, and 178 to 217, respectively. These cycles mapped 
the latitude band from 65 deg .south to 25 deg north over 
the full 360 deg of longitude. Each cycle included several 
discretionary T\^ ^ra les which were allocated to targets 
of opportunity as the mission progressed. Toward the end 
of mapping cycle 3, the increasing Earth-Mars distance 
and the movement of Earth away from the high-gain an- 
tenna boresight necessitated cutting the playback rate to 
OSS-14 from 16 to 8 kbits/s. Consequently, two full tajH* 
recorder loads (i.e., --30 pictures each revolution) could 
no longer be returned to Coldstone daily, and the number 
of observations had to be reduced to about 20 pictures on 
each revolution by the end of the cycle. This situation 
was well anticipated when the target criteria for the sec- 
ond orbit trim maneuver were established. The trim was, 
in fact, targeted to maximize the probability that the 
zenith periapsis time would be near the middle of the 
Coldstone view at the end of this cycle, so that an equal 
number of nadir and zenith pictures could be obtained 
each day. The picture balance was required in order to 
obtain uniform coverage from one side c5 the planet to 
the other. 

Completion of mapping cycle 3 marked the complete 
adiievement of the major mission objectives. Howexw, 
because of the excellent conditkm (rf the spacecraft, an 
extended mission was authorized which, in fact, lasted 
until October 27. 1972, when Mariner 9 ceased function* 
ing. During the extended mission, alternate roll reference 
stars (odier than Canopus) were used to overcome the 


si‘im [)latb)rm tlotk angle limits, aiul spaceeiait attitiub* 
maiu‘iivers were performed to point the high-gain antt^nna 
to Earth for playback ot the T\’ pv. tures and other seit‘iu (‘ 
data. The involvement of tlu‘ Navigation Team in thes(' 
aetiv ilies is d<‘seribed at the end of the nu t/rer Atujh/- 
sis and ienrr St cpit in e /Ir.wgii seetioiis. During th<‘ 
extended mission. Mariner 9 fimsb»»d mapping the entire 
plaiu*t. 

Eaeh of the seienee eyeles is de.senbed in eoi.sidtTal>le 
detail in .St’ienrr Scqtinur Design. St»(piene<» snmmarv 
tables pre.sentc'd there d(‘fine every IT secpienet* and pic- 
ture taken during tlu‘ first 262 revolutions. Sample ortlio- 
grapbic and mercator plots of the cov erage obtaiiu*d art* 
also included 

1'ht* bulk of the satellite phase orbit solutions was 
geiKT.ited in support of scienct* se<iuence design, implt*- 
mentation, and jyost facto .science data reduction. As 
mentioned earlier, the requirement to predict lU'arqHTiap- 
sis position within lO km accuracy 14 r<*v ohitions ahead 
was the most stringtmt of the satellite orbit detiTinination 
accuracy requirements. The l4-revo!ution lead time (i.e., 
7 dav s) was necessary to allow ample time for the final 
design and implementation of the science sequences (i.e., 
the scan platform cone and clock angles and instrument 
sluitt(*r times). The lO-kin requirement was consistent 
with the .scan platform pointing control accuracy of U.5 
deg (3 tf). 

It was known from the pre-flight studies that gravity 
sensing would lx* necessary for accurate* 14-revolution 
prediction; however, the unexpected “roughiu*ss” of the 
field, as discussed earlier, made the sensing even more 
important than had been anticipated. Table 11 of Satel- 
life Orbit Determination lists the 23 different gravity 
models generated. Note that the eighth-degree model 
(^21), which was generated by the Celestial Mechanics 
Experimenters, and the Navigation Team s tenth-degree 
model (^23) were based on 38 revolutions of data — the 
niimlKT required for periapsis to cover 360 deg of longi- 
tude. Coasequently. these models were valid for all sub- 
set|ueiit navigittion operations, including sequence design. 
The coefficients of the tenth-degree model are given in 
Table 12 of Satellite Orbit Determination, Table 13 of that 
section summarizes the* short-arc orbit solutions generated 
in support of the science sequence design. The number 
of revolutions over whidi the periapsis time was pre- 
dicted to 2*s accuracy - corresponding roughly to the 
10-km requirement - is indicated for eadi sohititm. Note 
that the 10-km, i4*revoiutioii prediction accuracy re- 
quirement was not met until the ei^th-degree gravity 
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model v^21) Wiis introduced. Thereafter, the requirement 
was generally met. The long-arc solutions used for the 
post facto science analysis are summarized in Table 14. 
Section V of Science Sequence Design discusses all the 
observation targeting error sources. Table 1 of that see* 
tion presents the targeting error for three cases, which 
represent the entire spectrum of error experienced. The 


worst case (revolution 157) is very atypical The periap- 
sis time error of nearly 25 s was the result of a procedural 
problem wherein the targeting had to commence just 
before the next orbit solution was available; and it was this 
next solution that would have met the accuracy require- 
ment. In other words, the problem was of a nontechnical 
nature. 
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Interplanetary Orbit Determination 
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I I. Interplanetary Operations 

1 A. Introduction 

I This section describes the logistical aspects of orbit 
determination (OD) in the interplanetary fdiase of the 
Mariner Mars 1971 mission and discusses the working 
arrangements for the OD personnel, both within the 
Navigation Team and with outside groups. The section 
also briefly describes the various types of ^ta used in the 
OD process and indicates the sources of the data. It 
further provides functional descriptions of the individual 
elements of the OD software and brief sketches of their 
modes of operation. 

B. The InlcrpItnetMy 00 Group 

During the inteiplanetary phase, four OD engineers 
were dedicated full tnne . j operatkms. They obtained the 
traddng data tapes from the Deep Space Network (DSN) 
personnel and pre*processed them for use in the OD pro- 
grams, validating the data by iterative analysis of pre- 
liminary residuals on the UNIVAC 1108. In perfor mi ng 
the ba^ OD, die group analysed solutions based on 

J differing sobtfam sets, data sets, and arc lengths, and 
recorded, co mp ared, and contrasted sobtionB. The re- 
sults were then confi r med or refected after consultation 
with spacecraft or trackinf system hardware analysts. 


Tile group also was responsible fur inclusion of new 
ephcmerides and station locations, and the day-to-day 
tracking system analytic calibrations (TSAC), whkb will 
Ik* disaissed later. This task involved cooperating with 
various suppliers in producing the information and direct- 
ing the validation and analysis of the results, when they 
were included in the process. Additional personnel (at 
least five) participated at one time or another on a con- 
sulting basis as requested by the group. 

The work schedules in effect during routine auise dif- 
fered from those immediately before or after spacecraft 
maneuvers. The normal operatioos called for sii^ 
(prime) shift support 5 days a wedt. The DSN accumu- 
lated the tracking data and transferred them twice weddy 
to the Navigation Team. On these days the tracking data 
validate had the data available for the OD engineers at 
die start of the work day. The OD engineers then pro- 
cessed the new data, performing die analysis and com- 
parisons mentioned previously, and provided an updated 
estimate of the orbit weekly. 

During critical periods, die same four group m e iabm 
provided the OD support, but on a modi mom rigid thn^ 
table. Prior to any maneuver, die seqaence of events 
defined a series of times at which the numeuver param- 
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eters stored in the* s|xit ci ridt eould hv updated. At each of 
these times, the Navigation Team (>hiet required a set of 
maneuver parameters based on the best available orbit 
solution. This often necessitated numerous full ()D se- 
( I lienees each day, from initial data transfer through vali- 
dation, orbit determination, and covariance analysis. The 
task often required working a double shift at hours dic- 
tated by tin* maneuver execution time. Immediately fol- 
lowing launch or a maneuver, a definition of the new orbit 
was usually required to ensure that it was as anticipated. 
This definition was based on a minimum of 1 h of tracking 
data. 


C. Interfaces With Outside Groups 

TTie OD engineers obtained their basic data from 
groups outside the Navigation Team, and the final orbits 
produced eventually went io other elements of the 
Mariner Mars 1971 Project. The interfaces were well 
defined before the mission; each group knew its obliga- 
tions and had agreed upon a single point of contact 
through which the data would flow. These interfaces were 
tested by pre-flight simulations. 


All problems and results were communicated to the 
Navigation Team Chief, who was responsible for dis- 
tributing informatton and iec|uesting any necessary addi- 
tional support. 

1. Radiometric data. The bulk of the information came 
from the DSN, which was responsible for raw radiometric 
data and the TSAC. The tracking data were collected by 
the Network Analysis Team for Tracking (NATTRACK) 
in the Space Fli^t Operations Facility (SFOF) at the Jet 
Propulsion I^iboratory (JPL). This group operates 24 h a 
day monitoring data for data outages and system perform- 
ance, manually adjusting certain quantities on the master 
tracking data file» and answering requests from the 
various projects for selected data from that file. During 
critical periods, a member of NATTRACK was assigned 
to the Navigation Team area to trouble-shoot and to 
ensure opUmunt commtmicatkm between sufqptier and 
user. If for any reason the NATTRACK system data record 
(SDR) is lost, the data can be recalled from temp *rary 
storage at die station or at a switching computer at JPL. 
During the Maimer Mars 1S71 mission, SDRs were pro- 
duoed and stored on on IBM 300/75. All OD nms were 
p et fo rmed on a UNIVAC 1100 in the SFOF, and the date 
were transrerreQ oeeween computers on majaeuc tape. 

JPL 11CHNKM. MMiT mS0i 


2. Tracking system analytic calibrations* The TSAC 
data include tiimug. polai motion, troposphere, and 
eharg(‘d-]iartiele lalihrations, all of which were produced 
on the UNIVAC llOS under control of the DSN-funded 
Na\ igation Accurac) Croup. This group was responsible 
for coll(‘cting raw' data from the available sources, con- 
verting the data to a comenieiit form (usually poly- 
nomials), assessing tne errors in the raw data and tlu‘ir 
polynomial repreM*ntation, and colUiborating with the 
on engineers in analyzing the effect of these data on the 
solutions. The ealibrations were made availabh' in card 
form, according to an established schedule. Both the data 
and the schedules for thi'ir delivery are discussed in Ref. 1. 

The tracking station locations are also under the aegis 
of the TSAC activity. Vhvy are prcnluced with the OD 
program using radiometric data from the previous mis- 
.sions and calibrations like those mentioned above. Theo- 
retically, the data are constant and ;.re made available 
once for the entire mission. In practice, ongoing techno- 
logical advances have often meant that improved sets 
become ;ivailahle In'fore tht‘ mission was over. 

3. Planetary ephemerides. Because new planetary radar 
bounce data were to be taken at Mars opposition in the 
summer of 1971, the Project agreed to accept an im- 
proved planetary ephemeris between launch and en- 
counter. It was the responsibility of the Project-supported 
Ephemeris Development Croup to produce and certify 
this new ephemeris, to specify how it differed from the 
old ephemeris and how it would affect the B-p)ane (see 
Appendix A) coordinates of the probe, and to (»rovide a 
ct>variancx* on the Earth and Mars positions for use during 
the mission. In addition, this group informed those in- 
volved in the station location effml whenever the new 
ephemeris changed the planetary positions from their 
positions at previous mission encour*?rs. 

4. Spacecraft data. Another important OD interface 
was with the Project s spacecraft analysts, who provided 
information on such quantities as spacecraft mast, solar 
reflectivity, attitude and propulsion system performance, 
etc. This information was most helpful when gas leaks 
occurred (see Section V). 

5. Com p uter operadens. The closest OD interface was 
with the Fli^t Support Croup, whose functions included 
program dedc setup and UNIVAC llOB uanputer opera- 
tions. This group handled transfer of tapes betwee n com- 
puters, as well at the monitoring and scheduling of pro- 
gram executions. 

SI 


D. Data Used in the Orbit Determination Process 

1. DSN radiometn'c data. Thv l).S\ sup|X)rU'd thr 
Mariiur Mars 1971 mission with Deep Spatr Station 
iPSS) 12 ard DSS 1^! at Goldstoiic, California; DSS 41 
near Vsmmu’ra, Australia: DSS 51 nvar Jolianncshurg, 
South Africa; aiui DSS 62 »u*a»* Madrid. Spain.’ The first 
tour sites tracked the spacecraft fioin lauiuh (L) through 
Mars orbit instTtion (NfOl), whereas DSS 62 In'gan 
tracking at 1. + 26 da>s. Rt*cause of the desire for con- 
tinuous telemetry coserage. tlie DSN provided nearly con- 
tinuous tracking from launch through encot.nter for the 
first time on an interplanetary mission. 

Figure 1 sliows the tracking coverage provided by the 
DSN bv data typt% station, and timespan. The data types 
available' were hour angle (IIA), declination (DEC), and 
one-, two-, and three-way S-band doppler (FI. F2. and F3, 
res|x*ctively), MARK lA, TAU, and MU ranging.- DSS 14 
was the only station with TAU ranging. MU ranging W'as 
available only at DSS 12, and only after July 11. The 
MARK lA e<|uipment, available at all but DSS 14, was 
originally dt'sigmd for ranging at lunar distances, and, 
although the hardware had been improved, in the past 
it could only lx* used during the first fev*' weeks of inter- 
planetary missions bi*fore its useful range was exceeded. 
Becaust* of the most recent hard vare changes at the 
stations, MARK lA ranging was taken at DSSs41and51 
through the middle of July, almost 7 weeks after launch. 

To indicate the quality of the tracking data. Table 1 
gives the standard deviation of the residuals for the indi- 
vidual data types from each station. The deviation is based 
on a post-flight solution which fit dof^er and range data 
over the period from the midcourse maneuver (June 5) to 
45 min befexe MOI (November 14). This solution in- 
cluded only the state vector for the probe, so that such 
quantities as the CM* of the Moon, attitude control leak- 
ages, and station locations still contribute their signatures 
to the statistics. Figure 2. derived from Run 000907, Indi- 
cates the past-by-poss standard deviations of the MARK 
lA data, whose quality degrades noticeably with increas- 
ing distance. Figure 3, also from the same run, indkatet 
that the rather large standard devktkms for the TAU and 
MU data types are due not so mudi to the hardware as to 
errors in the CM of the Moon and to attitude control 
system leakages. Because these phenome na have also 
affected the dkqnte md the MARK lA data. Table 1 gives 
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an Upper bound *a> the hardwan' iTrors. In general, the 
i.orlluni hemisphere stations (DSSs 12, 14. and 62) .show 
slightly noisier residuals beeause of the increased tropo- 
sphere and charged-particle <*ffects at the lower elevation 
view .mgles. 

2, DSN .station locations. During the tx»riod from Janu- 
arv' 1 to October 20, 1971, three different sets of station 
locations W(*re recommended to the Mariner Mars 1971 
Proj»*ct. The charaeU*ristics of each of these sets and a 
detailed history of tlieir development are presented in the 
second section of Ref. 1. 

3. Planetary ephetnerides. 7 iiree different planetary 
ephemerides were u;a*d during the interplanetary phase of 
the mission. All \vere numerical integrations fit to optic. 1 
and radar lx)u»*je data with JPL’s solar system data pro- 
cessing system vSSDPS). These ephemerides were ma ^e 
available on ta;>es by llu* Ephemeris Development Group 
in the usual development ephemeris (DE) format (Ref. 3). 

Tlie ephemeris available in early 1971 was DE69 (Ref. 
3), which had been created for the Mariner Mars 1909 
mission. '’1ns ephemeris was based on 34,000 United 
States Naval Observatory (USNO) meridian circle obser- 
vations covering the period from 1912 to 1968, about 
800 planetary radar bounce points from 1964 to 1968, and 
200 Mariner 5 range points taken during the 10-day 
encounter interval with Venus. The radar data for Mars 
consisted of 38 measurements from Arecibo C bservatory 
(1964/19SS) and 10 ht^-precision comi^essed points 
taken at the Massachusetts Institute of Technology's 
Haystack facility in 1967. In the 18 months fdlowtag the 
release of DE69, additional Mars ranging was obtained, 
which Indicated a secular drift in the Mars ephemeris, as 
shown in Fig. 4. Because of thb, the Project agreed to 
fund development of a new ephemeris for encounter 
support, whidi would include the latest ranging data 
available. Although interim ephemerides were avaiiabie 
at the time of launch, the first midcourse maneuver was 
based on the weR tested and understood DE09. 

The ephemeris planned for encounter support DE78, 
was delivoed to Navigation Team on Seplen< aer 30, 
1971. In addition to die daU used for DEBQ, it include d 
USNO o^kal data from June 30, 1906, to July 17, I960; 
the JPL Mars range data taken from May 7, IM, to 
Sep tw nber 10, 1971; and die JPL Venus range measofo- 
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inenis taken between July 22 and December 31. 1970. 
After initial consistency checks, this ephemeris replaced 
DE69 for all Navigation Team functions and was used to 
derive new station locations. 

Shortly before the Mariner 9 arrival at Mars, il was 
discovered that a coc'er error in the Goldstone ecpiipment 
had caused all of the 1971 Mars ranging data to be wrong 
by the equivalent of one second in epoch time. The 
Ephemeris Development Group found they could correct 
the observations in the rerhic-tion software, and thus pro- 
duced DE79. Th'^ residuals (corrected data minus DE78 
predictions) in Fig. 5 show the error resulting from using 
the faulty data. Figure 6 displays the difference in the 
geocentric range (p), right ascension («), and declination 
(5) of Mars for the period of interest. At encounter, the 
differences are —9 km, — 0"05, and +0"04 in p, cos 
and AS, respectively. 

The use of DE79 instead of DE78 induced a cliange of 
30 km in the B plane encounter predictions, as discussed 
in Section III. 

4. TSAC. The sources, characteristics, and reduction 
techni(iues of the timing, polar motion, troposphere, and 
charged-particle data are discussed in detail in Ref. 1. 

5. Spacecraft attitude information. These data were re- 
quired for support of the onboard optical navigation 
demonstration (OND) described at length in Section VI. 
Tile data were helpful in the analysis of the attitude 
control system leakages during the later portions of cruise 
(Section V). 

The information was made available to the optical 
navigation engineers on tapes produced by the UNIVAC 
1219 mission test computer (MTC) from raw telemetry 
data. The spacecraft transmitted quantized values of the 
positions of celestial reference bodies in the spacecraft 
sensors at 4.2-s intervals of time throughout the mission. 
These values were used in the optical programs to estab- 
lish the camera pointing angles in inertial space. 

These data were regularly monitored by personnel in 
the Guidance and Control Division at JPL to analyze 
altitude control system performance. Section V describes 
how these data can be used to identify gas leaks. Such 
leaks were in fact noticed by those monitoring the data. 
They identified the leaking valves and computed thrust 
profiles and communicated their findings in written form 
to the Navigation Team. The OD engineers then con- 


verted the thrust profiles to acceleration profiles along the 
appropriate program reference axes. 

6. Optical data base. The optical navigation observ- 
ables are the locations of objects in TV’ picture coordinates, 
defined as the picture element (pixel) and scan line (line) 
numbers. The objects include natural satellites, planets, 
landmarks, stars, and reseaux. These observables an? ob- 
tained in either of two ways: visually, by measurements of 
hard copies c. the TV pictures, or by computer location 
of object images on a tape of telemetered video informa- 
tion. 

During the 3-day approach period prior to MOI, three 
prc-orbital science picture sequences (POS I, II, and III) 
were taken. Section VI-F indicates how the OND influ- 
enced the content of these pictures and what use was 
made of them. 

E. Software Used by the Orbit Determination Groups 

1. Radiometric tracking. Obtaining an estimate of the 
B-plane coordinates and associated statistics of the probe 
trajectory from DSN tracking data involves operation of 
two sets of software, known collectively as the data editing 
program (DEP) and the orbit determination program 
(ODP). The ODP is also known as the satellite orbit de- 
termination program (SATODP) and the double-precision 
orbit determination program (DPODP). 

The first step in the data processing is conversion of 
the raw radiometric tracking data file produced by the 
tracking data processor (TDP) on the IBM 360/75 to 
UNIVAC 1108 format. Next, the orbit data editor (ODE) 
is used to select the data types and time spans to be pro- 
cessed. The ODE then reformats the range and angle 
information and computes the doppler frequencies used 
by the ODP. The raw doppler data are readouts, sampled 
at regular intervals, of the cumulative number of cycles of 
a signal that have passed through the receiver. By differ- 
encing the number of cycles read out at two successive 
times and dividing by the elapsed time, an average fre- 
quency over that interval is obtained. If nonconsecutive 
samples are used for this purpose, the doppler is com- 
pressed to a count time given by the interval between the 
two readouts used. Data noise caused by readout quanti- 
zation will decrease as the count time increases. Com- 
pression, if done properly, will not destroy any infor- 
mation inherent in the data, and it will decrease the 
number of points to be processed. 
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OiKO a iilt' oi data is available, it is passed ‘h'oujih a 
SIM ..'d, limi'uu i.ijubini) pior,tiitu (ioi Mariner ?>Iars 
1971. it was THKED), which computes residuals based on 
the most recent trajectory. 11 blunder points are detected, 
tin* ODF is rerun to ignore the bad points and possibly to 
compress tlu* remainin'; di.ppler. The result is a fih' of 
clean observables for use in OD. 

The ODP IS a collection ol programs to perform high- 
piecision differential correction of a \ariety of param- 
eters that are used to compute observables. Tne “solve-for ’ 
variables include quant itil^s like the spacet . dt position 
and velocity at .some .specified epoch, solar pressure and 
attitude control leakage cocdficieiits, inaneuxer velocity 
increments, tracking station locations, iscrodynamic con- 
.stants, station and spacecraft ranging delays, planetary 
ephc'meris parameters, gravitational harmonic coefficients, 
etc. The mathematical formulation of the ODP is given 
in Ref. 2. 

The differential correction process requires residuals, 
partial derivatives, and some solution algorithm. To eval- 
uate the results, it is necessary to have statistics on the 
solution, and it is often desirable to transform the results 
into a more easily comprehensible coordinate system. For 
these applications, the ODP includes the following pro- 
grams: 

(1) DPTRAJ. DPTRAJ use.s the CoweR method to 
numerically integrate the spacecraft cartesian co- 
ordinates. It displays various trajectory informa- 
tion and produces a prol>e ephemeris tape (PET). 

(2) VARY. VARY numerically integrates the partial 
derivatives of the spacecraft cartesian coordinates 
with respect to those parameters which affect them 
and writes a file containing sum and difference 
arrays for the probe ephemeris and variational 
equations. 

(3) HEGRES. RECRES computes predicted observ- 
ables and their partial derivatives with respect to 
the prescribed model parameters and writes them 
and certain auxiliary information for each data 
point on a file. 

(4) ACCUME. ACCUME uses the Householder algo- 
rithm to compress all the observation equations 
(conditional equations) into a set of Af simultaneous 
equations in N unknowns. ACCUME also adds cer- 
tain TSACs to the data, generates data weights, and 
tests deletion criteria. 


(5) SOlA'Fl. SOIA’KI solves the .system of linear equa- 

;suilN l.ii V il U VI ui uiikiiv^w ii.'k, tivai* 

ing a tmoii uncertainties in the variables as addi- 
tional information. It forms the classical covariance 
on the .solution, as well as an augmented (‘Vonsider*’) 
eovarie.nee. which includes the etiecl of uiKvrt.un 
ties in other parameters that ailed the ob.ser\ ables 
but are not soK'ed for. 

(H) SOIA E2. S()1A'E2 obtains a .solution, when the 
siimilianeous eipiations are nonlinear, by means of 
an algorithm (Ref. 4) which chooses some fraction 
of the correction indicated by SOLVE 1. 

(7) M.APGEN. M APGEN generates matrices of partial 
derivatixes of (he “more uiulerstandable” coordi- 
nates xvitli respect to those parameters which affect 
the motion of tlu* spacecraft on its trajectory. 

(H) MAPSF^M. M.APSEM uses the matrices generated 
by MAPCEN to convert corrections and statistics 
for the '*more understandable” parameters. 

(9) OUTPUT. OUTPUT plots and prints data re.siduals. 
as well as linearized residuals obtained by .substi- 
tuting solutions back into the observation equations. 
It then computes statistical information on these 
data. 

Certain of these programs are usually concatenated to 
accomplish a specific function. For example, during cruise, 
when various solution strategics are under investigation, 
the OD engineer produces a file of residuals and partial 
derivatives of data for all parameters that might reason- 
ablx- be solved for, which involves DPTRAJ, VARY, and 
RECwRES. Once the necessary mapping matrices are 
obtained using MAKiEN, the effect of changing solution 
parameter sets on a given data set is studied using 
ACCUME, SOLVEl. MAPSEM, and OUTPUT. This 
latter type of run constituted the majority of inflight OD 
analyses for Mariner 9. As new data accumulated, they 
were added to the file, and usually two different data 
sets were examined: (1) that using doppler alone, and 
(2) that which included range and doppler. At times, these 
were processed both with and without charged-particle 
TSACs. For each data-batch/calibration combination, at 
least seven different parameter set solutions were ob- 
tained, which will be described later. Previous experience 
has proven this to be an invaluable OD procedure (see 
Section II), and the programs have consequently been de- 
signed to optimize this sort of operation. The interaction 
of all these programs is displayed in Fig. 7. 


U 


JK TECHNICAL RCrailT U-I8M 



2. Optical data. soltwarr syst«*m S) was 

developed to ^adier and i)roees'J onl>oa' oplieal ua\ij;a 
(ion data. This s\stt‘m was iist't! lor nu dion studies, 
mission planninjii^, and training helt re e.KH>unter, as wadi 
as lor real-time OH. ,\Ithonuh the ONI) w as not eritieal to 
the sueeess ol the mission, this system w as lUH innented 
verified, and tested to the Mariner M.os U)71 standards 
and placed w ithin tlu* mission-eontrolled softwari' s\ stc*m. 

Tlu‘ optical soft wait' processes data from Mariner 
spUvecraft, which have (hree-a\is-stahili/ed attitude, a 
two-dei?ree-of-freedom scan platform, and v idic'on tele- 
vision cameras. Raw data consist of telemetered T\’ pic- 
tures in digital and hard-copy form and telemetered 
spacecraft engineering ilala. The system jiriKxsses the 
data and gi‘nerates a fiK* of optical-data residuals and 
partial derixatives for use in ACCl^ME of the ODP, The 
specific functions of the component programs in this 
soflwaie system aie described below: 

(1) STRFll*. The reduced star catalogue program 
(STRFIld scans a tape containing the 250.(KK) 
entrii'S from the Smithsonian Astrophysieal Observ- 
atory (SAOl star catalogue and creates a subset 
catalogue of stars within user-specified right asetm- 
sion, declination, and visual maguitude limits. 

(2) XTH. Extractor (XTR) computes the celestial jioint- 
ing direction of the seen platform at the time a T\’ 
picture is taken, using telemetered spacecraft engi- 
neering data (pitch. yaw\ roll and scan platform 
gimhal angles). 

(3) CGG. The celestial geometry generator (GGG) com- 
bines spacecraft trajectory', satellite ephemeris, star 
catalogue, and camera pointing data to compute 
a priori star- and satellite-image locations. Plotted 
output for each picture is scaled to match near-real- 
time hard copy to assist in locating and identifying 
obser\'ed images. 

(4) IMP. The image processing program (IMP) is used 
to search for and graphically display star, satellite, 
planet, and reseau images contained in the tele- 
metered TV video data. IMP will automatically 
scan an entire TV picture, producing a line printer 
*^lot** of video intensity* in a 20 line by 20 pixel 
portion of a picture, centered about each detected 
bright spot. 

(5) ODOR. The optical data calibration and rectifica- 
tion program (ODCR) estimates measurement 
errers and computes expected Image locaHons cor- 
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nvtoil lor kiuiwii mois ,issoviati‘d with tho T\ 
r.imria aiul sp.ui'iralt. UhNorvrcl imagi lovatii'n:;, 
vxpictfd imago locations, partial <lorivati\vs ol 
imago lorations with rospoot lo inoasuromont tTiors, 
and */i>sorvalion \tal!sti< s an* passinl on to th*' opti- 
cal olworvabh' and partial giaiorator TV 

TCP 'rlu‘ Irajoolorv goomotry program (TGP) is 
nsod iti goiu-iaio giannoiiii- (pianlilios nt‘oi'>suiy to 
plan 'lA* piolnro soipionoos and to p»oooss data from 
tIu'M' siHjui'iu os T(^P oan oporato in .m inttTiu tiv** 
inodo toovpodito mput/outpnl during mission opor* 
ations. 

;7- OOP(- Tlio (mtit'.d olisoryabli' and partial gonora- 
lor priigram (OOP(^) nsos data from OOGR to gen- 
ora t(' ohsorvablos and partial dorivatives. These art' 
then w’ritton on a file that is passed to AGCT^ME, 

{H) ODAP. riu* optical data analysis program (ODAP) 
IS an ostimatiim program specif ioally developed to 
met‘t the net»ds of optical navigation. ODAP use.s 
a sequt'nlial formulation of the minimum variance 
filter w ilh a geiuTali/.i'd consider option. The se- 
quential formnlation allows the evaluation of 
optical data terrors, which are modeled as expo- 
maitially time -correlated processes. The goner all /ed 
consider option allows the evaluation of filter per- 
formance in the presence^ of uninodeled or mis- 
modeled parameters. Errors in a priori parameters 
and data noise can be accommodated. B-plane and 
plune-of-sky mapping is ax ailable. 

(9) GERPLP. The celestial and residual plot program 
(CERPLP) plots optical data (pixel and line) 
residuals from OOrc and ODAP data files and 
for B-plane estimates obtained from ODAP. 
GERPT^P also plots spacecraft-centered and target- 
centered celestial geometries of spacecraft, planets, 
natural satellites, stars, and landmarks from TGP 
data files. 


II. Pre-flight Analysis 

A. Introduction 

This section discusses the analysis which served as a 
basis for spacecraft delivery accuracy predictions. It 
enumerates the major error sources that affect the data 
used and presents the best pre-flight estimates of the 
uncertainties in these parameters. Whenever appropriate, 
the means by which these estimates were unified or 
confirmed by actual fli^t experience are indicated. The 
discussion includes a description of the strategies devel- 
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opril for I’oiului tini; tho Ol) and thoii lationatt'. Hrf- 
soniTcsaiuI stratojUit's 

T\\r !'ioji‘ot ai\ urav \ n\piiii uu nts lt)i inU i plant fai\ 
Ol) (I'ahlt* 2^ won* vpt'oifn*d in forms i»f thriH* soparaft* 
phasi's; ^ 1^ |m* inidt onrst*. from spati iiaU injoi tion to tho 
first mi(\‘ouis»' inancuvtM, (2^ posf-mitKtmrso. inini flu* 
first inidoonrst' maiu*m*t‘r ti> appmumatoly MOI — *10 
davs, and proMOl. from MOT - 30 days to MOI. 

Althotijih strato.uit's wore d(*\olopod to handio all thrt‘o 
phasos, this sootion will <'oiurntrat(* on those' dt'si^iuHl for 
t!va third, pliaso, aiu! will indiiatr wluawor possihlr how 
tiu'sr wonlei ho nitulifiod foi tho otiu'r phasos. 

B. Major brror Sources for Radio Navigation 

Thoso sonioos consist of (1) ol>s('r\<'r rolatod. (2) spaev- 
oraft rc'latc'd, and (3'^ ophoiv.t'ris-rolate'd errors. The first 
t'rrors losidt from tho nst' of nuule'ls not accurate enough 
to hxate the observer in inertial spaa' and to calilirate out 
the' e'ffe'e'ts of the transmi.s.sie)n nuHlia The' se'c'ond tyjH* of 
e'rre>rs arise fre)in inade'epiate modeling of all of the atxvl- 
e'rating forces on a spacecraft. 'Hie last e rrors involve 
iiu’orn'ctly spi'cifie'd |>ositions of the planetr. 

1. Observer-related errors. These fall into two main 
e'ategorie's: 

(1) Those that corrupt or disiort the actual information 
eonlt'nt of the eihscrvation. e,g.» chargc'd-particle 
effects in the spaa' plasma and Earth s ionasphere. 

(2) Those that inflni'iice* the |X)sitie>n of the eiKsem*r 
(tracking station) in inertial space, such as polar 
itiotion and variation in the Earth’s rotation rate 
(time variations). 

All produce diurnal signatures, and at an\ iiistatii their 
i Dinbiiu'd e fftvl can be re'presented by an etpilvaicnt set 
of station locatioas whiclt would produce the same observ- 
able, Hcmce, they are often referred to as equivalent sta- 
tion location errors (ESLEs). 

Errors, real or equivalent, in the coordinates of a 
tracking station have different effects for different data 
types* geometries, and station combinations. Range rate 
data, from which the right ascension and declination of 
the probe are primarily obtained, depend heavily on the 
al»oIute longitude k and the spin axis distance fi of the 
station. Ranging data* when mm than one station is 
tracking, are extremely sensitive to errmrs in relative longi- 
tudes* spin axis dbtances* and a heists the equator). 


riu'.si' lads mnsl he c»)nsiilcicd wht'U strategics are de- 

\ 4 u*pv\i lucciit)! MHiua'.s ait': 

(1) Chai^tul ^kiiiu'h' effects. I'lie radio .signals travel- 
ing bt t wet'll a siaiion and a spacccialt pass through 
thi' ioimsplure ol the I’artlt. llu' interplanetary 
spaee plasma, and. inlit'quently. the ionospheres ol 
otiu'r planets. The inlt'raetion hetwei-n tlie radio 
signal .uul the thaiged partitlt's in the mt'dinm 
cansi's, among other things, a ehange in the propa- 
gation velot'ily. 11ie group velocity decreases, 
whereas phase velocity iiU'rt'ases in the presence of 
t'harged partu les. As the tiensity of charged purti- 
i li s \arie>. tlu itsuliaiii time iale of ehange tif the 
phase V(*K»cit> eoiiupts dopplt'i measnremenl.s 
made Irom the radio signal. 

The Kai tirs ionosphere results from so!ar ultra- 
violet radiation ionizing the upjx'r atmosphere. Con- 
secpienth . tlu' ionosphert' above a trucking station 
iiurt'aM's aiul dccreast's with, roughly, a diumal 
p<*ri<Kl. If the ionosphc'ric effect is not moastired or 
imhleled. it can not he distinguislu'd from errors in 
tracking station Kx'ation and may cause significant 
errors in the real-time ()D. 

The unaTtainty in the magnitude of these effects 
results mort' from the ahseno.' of continuous raw 
ealihratiou data during the mission than from the 
(piality of tho measurements themselves. The qnal- 
it>' depends on the measurement noi.so and bias, the 
proximity of tlu' measurements to the spaa'craft 
line-of-sight, etc. 

(2) Tro;xwp/ienr effects. Refraction in the troix)sphere 
slows the phase and group velwities equally. Tho 
retardation is minimal at the /enith, where the least 
atmosphere is traversed, but the amount varies 
l>ecau.\e of daily and seasonal weather changes. Tlic 
rcfradis'c index of the troposphere depends on pres- 
suit', tempf'rature, and relative humidity, and it is 
the unpredictable variatioas in these that causes 
the uncertainty in the troposphere model. 

(3) Polar motion. Although the DSS locations may he 
relatively well fixed on the Earth s crust* it is the 
station coordinates with respect to the Earth s 
instantaneous spin axis, and with i^pect to the 
equatorial plane defined hy that axis, which are 
important for navigational accuracy considerations. 
The Earth s cnist b not fixed with respect to the 
spin axis, and it is this so-called polar moUoii (the 
motion of the Earth’s crust with respect to die spin 
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axis) whii'li caiisos tlu* DSS locations to In* a func- 
tion of time relative to the spin axis. 

Polar motion data are availahle from a numher of 
institutions, who.se results olten disa^ie<‘hy as imu'h 
as 2 m. The nneertaintv in polar motion is due to 
thi‘ nois<» on the raw data us<*d for ih^terminatioii of 
the pole location and disaj;reemc*nt about wliich 
sourci's prmfuce the “true” pole position. 

(4) Timiui:, nrots. .\ccuiali* specification of the inertial 
position and velocity of the tracking station recpiin's 
knowledge of the instantaneous rotational position 
of the Karth on its axis. Btvause of tidal friction, 
etc., the Earths rotation rate is decreasing as time 
goes on so that the time (Universal Time [UTl]) 
deri\ed from the rotational [position of the Karth 
differs from the uniformly t low mg (Newtonian) 
ephemeris time (ET). 

The variations in rotation rale are measured from 
Earth l)v (a) using photographic zenith tubes to 
observe the International Atomic Time (lAT) of 
transits of selected stars over the meridian or 
(b) using astrolohes to observe the lAT of selected 
star transits over spi'cific circles of elevation angle. 
The errors in measuring the star i)ositions, tlie errors 
in the .star catalogues, and tlie discordance among 
results from the various suppliers of UTl all con- 
tribute to the remaining uncertainties in time. 

(5) Actual DSS locations Except for geologic effects 
such as earthquakes and continental drift, the 
tracking stations do not move \^ ith respect to the 
Earth s crust. However, because the locations are 
best determined by analysis of existing tracking 
data, there are location uncertainties because of 
ESLEs discussed above and from other lesser 
sources. 

SL Spacecraft^related errors. These errors include any 
unmodeled or mismodeled forces that affect the motion 
of the spacecraft on its trajectory. Some of these forces 
are gravitational, resulting from attractions by massive 
txxlies; if the masses are not known accurately, the com- 
puted trajectory will be in error. Other forces arise from 
engineering particulars of the spacecraft. These non- 
gravitational forces include those involving the space- 
craft's interactim with its environment, such as solar 
pressure and drag, and others involving spacecraft opera- 
tion, like propellant leaks and attitude control thruster 
imbalances. 


.\m‘lnations Irom lluvsi* souiws .in* very '^mall ( 10 “ 
km/'j 'l and an* dangt*M)us not for tin* amonni by wbi<*b 
thoN perturb the actual motion ot the sp.ui'eraft. but 
rather for tlu* way tlu*\ e.m re^iianble other forces being 
soI\<‘(i lor in the data filler. This ability to be* “soaked up*’ 
by other panimelers can soim*timc*s dcvrcMsc* with in- 
creasing data .irc* if the c hanging geometry helps the other 
forces (nstialh gra\ itational) to clistingnish themsedves. 

(1) Solar ftressutr. The most olnious solar pri*ssure ac'- 
teleration is in a radial direction away from the Sun. 
Tlu're arc* also two smaller force s ortliogonal to this 
beranst* of as\ mmetry of the spacec raft configura- 
tion (e.g.. the liigb-uaiii antenna, whic h is eanted off 
the spacc'craft roll axis*. The magnitudes of these 
tbrc'c forces (fe]u*nd on tlie projected cross-sectional 
areas and reflection coefficic*nls in those directions, 
which arc vcr> difficult to nu asurt* in a laboratoiy. 
Moreover, experience with previous Mariners indi- 
cat«\s a slow but pt‘r(*eptiblo secular decrease in 
solar pressure (39? over the mission). This decrease 
is commonly attril>ntcd to degradation of exposed 
surfaces, which rc'suUs in decreased refit elivit) . 

(2) Propulsion system. Cus leaks can ari.se from im- 
perfc'ct seat tolerances on the \ alves of the main 
propulsion sjstem. Because the amount of pro- 
pellant carried to Mars for the orbit in.srrtion far 
exceeded the amount requirt‘d for any past or 
pre.sent midcourse roc|uirements, the Mariner 9 
spacecraft had a significant potential for leaks after 
its midcoursc correction. The tolerable magnitude 
of such leaks was included in the design specifica- 
tions. 

(3) Attitude control system. The attitude control thruster 
imbalances which arise from imperfect matching of 
the jets on opposite sides of the spacecraft, and the 
leaks from Incomplete seating of the associated 
valves, are much more difficult to model because so 
little is known about their teir.^wal characteristics. 
The effect of imbalances would presumably vary as 
tlie number of gas firings, but the valve seating 
problems could improve or degrade with time. 
Here, again, the design specifications included the 
tolerable leak magnitudes, 

3. Plamtary ephemeris errors. The accuracy with whidi 
the Mars-centered position of a probe near encounter can 
he predicted using Earth-hased tracking defends on the 
accuracy of the predictimi of the geocentric position of the 
probe and of Mars at that time. Determination of the geo- 
centric positiem of the probe frrm radio traddng it 


m TKHffncM. mpom u^v 


17 



c'oiiuptctl l)\ tlu' errors nu'ntioiu'd al>ovr. The goocontric 
position ot Nfars is olitainod dircctK from tho pl;uu‘tar\ 
i‘plu*nu*ris. so its orrors an* simply tho \rrtor diffonmco 
hotwt‘(Mi th(‘ ahsohito position <’rrors lor Kartli and Mars 
on that opluanoris Admittt'dly, tlu* traji’C'tory of tho proln* 
d(‘pt‘nds on tlu' absolute' position ol Mars, whidi is an 
attracliiii; bod\ . and tho pe'^'tion of tl’io ob,ser\ or depends 
on the absolute position of tiu' Fai th.; lull the displacement 
of Mars from when* it is expected to be when the space- 
craft arri\ es is the most easily understood effee t. The least 
obvious, but nevertheless important, effect is ir the de- 
termination of station locations, which are “ol)server- 
related” errors (Sections III and IV). 

C. Assumed Magnitudes of the Radio Navigation 
Error Sources 

B('fore e\’('ry mission, OD analysts assess the state-of-the- 
art accomplishments in each of the abo\ e areas and estab 
lish the uncertainty of tlieii knem ledge about them. In 
subsecpient studies, they use this information, along with 
assumptions about the measuremem errors in the real 
observables, to compute uncertainties in the deliverable 
B-plane results.^ The same procedure is used in )p(*rations, 
when the final seleelion of data is a\ailable. The delivery 
uneertainties quoted later in this seetion are based on 
such consider covariaiues. Tlie accuracies predicted by 
pre flight analysis can be achieved in operations if the 
estimate of error magnitudes is realistic. The magnitudes 
assumed for considering and estimating these parameters 
arc listed in Table 3. The consider values, which will be 
discussed first, are the best estimate of the true uncer- 
tainties. 

The sola pressure values reflect the laboratory 
measurement uncertainly mentioned earlier. The attitude 
control estimates were based on propulsion and attitude 
control leakage specifications. T\\e station location errors 
aie the combined equivalent of all the observer-related 
errors (DSS location, timing, polar motion, charged par- 
ticles, and troposphere). The ephemeris values give a 
geocentric Martian position uncertainty of 10 km in the 
plane of motion and 50 km pcrpendiailar to it. 

As the mission progressed, some of these quantities, like 
solar pressure and constant attitude control accelerations, 
became better defined. However, it was very seldom that 


^The ODP obtaini a covariance on the lolved-lor quantitiei based 
on data noise alone, and modifies it to account for the effect on the 
computed observables of errors in the other not-iolved-for (con- 
sider) parameters. (For a mathematical description, see Se^ons 
XV and XVI ofRef.2.) 


llivst' or (lu‘ .ibo\{* consuliT v.iliirs wen* nst'tl as a priori 
inlomution m a solution lor siit'h (|uanlitics bccansi', in 
general, to do so restrieled the c'apability to dt'tenniiu' 
tluMn indep«'nili*ntl\ \^ ith {ibsei*\ ational data. This may W 
A rt'snlt of ignoring e(M*ielations in the uneorlainties or of 
map|)ropriate data weights, both of which need to In* 
im estigated fiutlu’r. 

31 K’ data (‘irors assmuetl lor the aec’nraey studi(*s W(*re 
3 mm/s lor a (>0-s count time doppler point, and UK) m 
lor lange data, nuring tlie mi.ssion, these erre.s were 
changed to I mm/s and 30 m. rospeelively, in light of the 
n'snlts shown in 3'abh* 1. 

D. Error Sources for Onboard Optical Navigation 

The onboard optical data determine tbe distance and 
direction to M ars by obs(‘rving th<* apn;ire!»t oib»t< of 
Flio'hos and Ueiinos change against tin* background stars 
as the spacec-raft approaches Mars, llie two main elas.ses 
of errors that corrupt optic al navigation results are those* 
which affect the measurir instrument (T\' camera), and 
those whiili affect the computed apparent celestial coor- 
dinates of the observed objects. 

1. Instrument errors. The measured line and pixel lo- 
cations of images are used to determine the directions of 
objects. Electromagnetic distortion in the electron beam 
scanning circuitry, optical distortion in the telescope of 
the instrument, and errors in instrument parameters (e.g,. 
f(K'al length) can corrupt the measured direction. 

Electromagnetic distortion can be caused by (1) a non- 
uniform magnetic deflection field, (2) a fringe field out- 
side the* defleclioii legiou of a \idicoii (3) iiiteiuctiuit 
between the focusing and deflection fields, (4) a nonuni- 
form electric deceleration field, (5) electromagnetic bias 
shifts, (6) a common rotation of the scan deflection fields 
with respect to the target raster, and (7) nonorthogonality 
of the scan line and pixel deflection fields. 

Optii:al distortion results from: (1) imperfect design 
and/or construction of the telescope lers, (2) misalignment 
(nonorthogonality) of the lens optical axis with the target 
raster, and (3) decentering of the lens optical axis in rela- 
tion to the center of the target raster. 

An error In the value of focal length used to describe the 
i.istrument transfer function causes a symmetric radial 
distortion about the principal point. Errors in the values 
of the pointing direction used to describe the instniment 
transfer function have an effect similar to errors in the 


m TECHNICAL RCPCNir U- 18 M 


values used (or llie l(xalu)n uf ihe piincipal point on the 
target raster. 

2. Celestial direction finding errors. Here, the primary 
contributions to errors are satellite ephemeris errors. Since 
the ? ize and shape of the apparent orbit determine the 
probe’s jwsition, errors in the satellite ephemeris have an 
important effect. 

E. Assumed Magnitudes of the Optical Navigation 
Error Sources 

Because of the TV and scan platform calibration se- 
quence performed about 30 days before MOI, there was 
an opportunity to assess the magnitude of the errors in 
the optical navigation instniinent in its flight configura- 
tion. The TV geometric distortion was calibrated to better 
than 0.5 picture elements, (3'.'0) 1 a, using the reseau grid. 
Tiitr residua] distortion after calibration war; randem and 
did not change in character through \fOI. Since the ability 
to image a number of stars was pro\en during this 
sequence, it was olnious that the T\^ pointing direction 
could be determined to the limiting accuracy o* the 
residual TV distortion because the positions of the stars 
were assumed to be perfectly known. With this as back- 
ground, it was decided to weight the Pbobos and Deimos 
data from star-satellite pictures at 370 in the ODP. 

The a priori uncertainties in the satellite ephemeris ele- 
ments are given in Table 4. 

F. Development of 00 Strategies 

Pre-flight analysis and past mission experience show 
that the best way to detect the presence of errors is to 
compare and contrast a variety of solutions based on 
differing data arcs, data types, and solved-for parameters. 
Then, after identification of the errors present, strategies 
can be applied to obtain a good solution in spite of them. 

One effective means of ferreting out problems is to 
compare solutions using different length data arcs or arcs 
located at different places along the orbit. Often a short 
arc will erroneously absorb phenomena into the state 
which would not be interpreted as the state in a long aic 
because of the distinguisuiiig effects of changing geom- 
etry (Fig. 9). For example, the deleterious effects of 
ignoring certain TSACs seem to decrease as the data arc 
is lengthened. A similar situation oocun when stochastic 
gas leaki on both Mariners 4 and 9 are ignored. 

A second approach is to play different data types 
against each other. Doppler and range have different 


sensitiv ities to many phenomena. For example, doppler 
can easily mistake noiigravitational for gravitational forces 
becau.se it determines the position ot the probe from its 
observed geocentric acceleration (time rate of change of 
doppler). Using the planetary ephemeris to determine the 
relativt* acceleration between the Earth and the body 
who.se gravitational acceleration is currently dominating 
tlie probe’s motion, an OD program would deduce the 
probt-body acceleration by vector subtraction. It then 
siinpK infers the probe-body relative* position using the 
law of universal gravitation. Nongravitational spacecraft 
accelerations can obviously degrade the determination of 
the distance of the probe from such a body unless another 
means is found to constrain the solution for position. 
Hanging data often fill this gup because, in conjunction 
with a planetary ephemeris, they can independently set 
limits on the probe-planet distance (Fig. 10). However, 
this situation makes ranging particularly susceptible to 
ephemens eirors. t >nboard optical data aie insensitive to 
eitluT of these errors but arc dependent on satellite ephem- 
eris errors, and so on. If solutions using one data set differ 
noticeably from those using another, or from those using a 
combined data set, then probably something is mis- 
modeled. 

Another technique is comparison of solutions obtained 
using different parameter sets, with an accompanying 
evaluation of the new solved-for values. If these values are 
unreasonable in light of what is known a priori (e.g., a 
changed sign on the transverse solar pressure), then it 
may be that these parameters are absorbing .some other 
error. Another indication is poor consistency between solu- 
tions using different parameter sets. This entire concept, 
of course, assumes that sufficient data are being used to 
make a meaningful solution possible. 

After detection of mismodeled phenomena, it is not 
always easy to correct the model. It may be that the detec- 
tion scheme showed the difference in effects on two runs 
and did not indicate the absolute effect. It may bt^ that die 
phenomena can not be parameterized in the software. It is 
often more important from the engineeiing point of view 
to find an approach which minimizes the effect or avoids 
the problem than to obtain a questionable solution. The 
runs that constitute the detection scheme usually indicate 
the course to be taken. 

The strategy for this mission was to compare results 
using long, medium, and short data arcs starting at the 
first midoourse maneuver, the second midcourse ma- 
neuver (planned for MOI - 20 days), and MOI 5 days. 


m ncHmcAL mrairr u-ii 



It .s|xvtiu*l\ . hi tMtIi t\isi*. tiu* iiimpanson wtuiUl ov v\- 
tomioil to MOi ~ S h ^fu lon* ^raut.itional IviulmgV 

Koi tMih ait‘. ilopplt'i aiul rang*' il.Ua \vori‘ (o 1 h‘ pro- 
i’l'sst’vl st'paratt'iN ami m omiluiuhoii. Htraust' t)ptii'al 
miuiMnomonts wonKl hr availahir onlv aftrr MOI — 3 
ilays. tlu* short .nr wt^nlil altonl llu‘ onlv opixntuihtv to 
use thosr tlat.i h\ ihrmsolvrs. llowoNor. thrv writ' to l>r 
iiNrtl in I'itinhmatton with ratlu» ohst'rvahlt's on Ixitli thr 
intrnnrdiatr anil slu»rt arcs. It was also ilrsiralilr to 
invrstijjatr rrsults olitaint'il with »md without rhar^rd- 
partirlr ralihrations on thr ladioinrtrir data. For rarh o! 
tiu'sr data tv|X'/arr st'ts. rrsults wrrr to Ih» .'ornpaml 
l)a.sr<l on two t>r mort' of thr \t*rtors •jhown in Tahir 5. 

rhrrr was no rtaninitinrnt hrioit'haiul to hasr thr 
final rcHHitnnu'tulationv on any partiinlar data typr/arr/ 
paramrtrr srt I'oininnation. Srrtion 111 will indiratr how 
thr stralrgirs wrrr artnally applunl in flight and what 
i'lnnhinations wrrr wsvi\ to pmdurr tlu‘ c)0 rrsults. 

III. Orbit Determination 

A. tntroduction 

Tins stH.'tion suininari/.rs thr rrsults ohtainrd hy thr 
OD group of thr Nax igation Tram using intrrplanrtary 
iliita. It drsrrilH's thr major prohlrms riUHnmtrrtHl and 
iiuhcatrs how* thr stratrgirs disciisstHl in Stvtion 11 wrrr 
applitHt to obtain thr final rt^i'ommrndations. It annparrs 
the answrrs derivetl in flight with thosr priKhiml hy |)ost- 
flight analysis and examines thr ptTformaiux* in light of 
the pre-flight |>rriitcations. Finally, it disrtisses new deter- 
minations of various ixmstants using this data s(>an. Krfrr- 
t'nees 8 and 9 contain additional information about the 
inflight and |xvst-flight results. 

As iiidieattHi prexiously, the mis.sion plan allmved for 
two midcourst' maneuvers. The first wmdd correct the 
launch bias required by planetar>- quaraiiline constraints, 
as well as any launch vehicle errors. If necessary, the 
.second w^ould be designed to remove OD and maneiwer 
execution errors associated with the first, and to albw* 
any late change of planned insertion altitude or inclina- 
tion. In practice, the second midcourse maneuver was not 
necessary and was never performed. 

The continuity of the pre-midcourse [dxase w»ax broken 
by squib firings to imlaleh the spacecraft scan platform 
from the slowed position. Previous experience with 
Mariners 6 and 7 showed that the squib firings could 
noticeably affect the trafectory, and thus they should 


iHi'ui lu'foir t!u‘ fust niuU'our.M' to puvliulc perturbations 
o\ llu‘ post umliouise ti.i)('etoi\ UeiMUM* o\ die veKvity 
lii.mge wliuh iVMilts tioni tlu' firings, (he pie iuuIiOuim' 
phase IS dnuli'd into two ilata bloeks. the pri'-unlateh .uul 
tlu* post-unlateh. 

The |Hist louietnuse pli.iw' w.is iumi optnuum troin the 
spaeeer.itt li.iH'etoix \taiul|Hnnt rheit* weie sm.ill gas 
K.iks tiom the .ittitudc* ei>ntroI swtt'm thiongliont (he 
mission that af teeted l)IX but these small leaks were within 
design \peeilie.itions. Ilowexer. ,i senes of iiuieh larger, 
intermittent leaks, oeenrrmg after September 15 . 1971 . li.ul 
a major effei t on the OO stiat#*gies emploved. 

Him Ulentitk atious ate iiieluded w ith ilit' tabular results 
lu'low to eiuble aeeess to tlu* minotilmed listings. .Ml 
limes ari' gi\en in Universal Time ('inmlinated ^MTC). 
,md all eartesi.m einudinati's are refined to (lie Farth 
me.m equator and equinox of 1950.0 unless otherwise 
noted. Ap|H*iuli\ H eon tains a listing of the basie inm- 
stants input to the OOP. 

B. Pre midcourse Results 

liijeetion into the KarthMars transfer trajectory ix'- 
eurred at 22'‘34'"59:70 on May vK). 1971. Within 2 h after 
injei'tioii. tlu* angle data rei\>rded by the DSN Ixvaine 
insignificant ixmipauHl with range and doppler in the 
on prixess. Only one .solution was txunputetl u.sing the 
angle data, and it indicatixl that the init'ction was snffi- 
cii'iith aixxirate to make the prt'-eomputixl l^SN prtxhets 
usable. 

.\s more and more stations !>egan to track t!:c sj^actx'raft. 
a series of ilata/station cxmsisttMiey ehei'ks wx*re made to 
easurt' that iHTformancx* and calibration within lx)th the 
DSN and the tracking .system softw*art' wctr as antici|xUed. 
lliis pnxxxhire, .standard during any mi.s.ston, iincovei*ed 
an iiux^rrtx't ranging trans{xnuier delay input to the 
ODE. Tins pha.se of the mission is the only one in which 
it is |xxs.sible to calibrate the basic delays in the ranging 
machines using s|xicecraft dvmamics instead of ground 
(X|uipment because the dectderation on the ptobe caused 
hy the Earth is so large that the law of universal gravita- 
tion allows determination of the s{xicecraft range by dop- 
pler alone to - 100 m. The fact that ranging data agreed 
with doppler-only orbits to that accuracy* indicaled the 
Ixisic delays were reasonable. Other che^ at this time 
and latef during the mission ensured that the biases be* 
tween ranging passes from diffcreiU stations (caused 
either by miscalibrated station delays or incorrect valuet 
for the distance of the stations from the equator) never 
exceeded 20 m. 
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Pre-flight analysis indicated that the prime error sources 
during this phase would be mismodeled solar pressure 
(SP) forces and/or attitude control (AC) system leaks. 
Errors from these sources could not be particularly well 
determined because of the shortness of the data arc, and, 
if errors occurred in either of these sources, they would 
map to a large dispersion at encounter because of the 
length of the trajectory. It would be impossible to obtain a 
real separation of the two because of the restricted geom- 
etry and range of Sun-probe distances; thus, they were 
combined as SP. All available ranging data were used 
because they gave the most information about these non- 
gravitational forces. 

Table 6 compares the pre-flight SP and AC parameter 
values with those obtained during the pre-midcourse 
phase of operations, those derived by post-flight process- 
ing of pre-midcourse data, and their current best esti- 
mates (CBEs), I he uncertainties in the estimated values 
can be found in Tables 7 and 8. Wh3n comparing these 
values, it is worth remembering that the uncertainty 
quoted in the pre-flight values was db0.03. 

The scan platform unlatch was scheduled for L + 1 day 
to allow sufficient time to redetermine the orbit before the 
first midcourse maneuver at L + 5 days. Although there 
was no critical requirement for an orbit prior to that for 
the midcourse maneuver, a solution based on data to 
L + 1 day was provided to support preliminary maneuver 
planning. 

Although station location errors were known to Lave 
little effect on the B-plane results at this stage, they were 
included in a solution set to serve as a indicator of 
abnormalities. Solution sets A, B, and C (Table 5) were 
examined using doppler alone and doppler and range in 
combination. 

The pre*unlatch ofhii solution quoted in flight and the 
final post-flight orbit based on the same data appear in 
Table 9. When the solutions are adjusted by the final 
estimated A*s caused by the scan platform unlatch and the 
midcourse maneuver, they give the B-plane parameters 
displayed in Table 10. The remaricable perfcmnance of 
the inflight pre-unlatdr orbit should be qualified by 
pointing out that there were a number of canceling error 
sources. The timing polynomials, station locations, SP, AC, 
and idanetary epbemerb used in fli^t would have caused 
much larger errors than are indicated in column D. 
Column F illustrates this because it is due almost entirely 
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to the combined SP and AC errors. The pre-unlatch data 
are not strong enough to correct the a priori values for 
these quantities, which are given in column F of Table 6. 

The velocity increment to the spacecraft was obtained 
by combining data on either side of a 3-h period during 
which the small nongravitational unlatch and line venting 
accelerations occurred, and estimating an equivalent 
aV using the instantaneous maneuver model of the ODP. 
The results given in Table 11 include the effect of the 
unlatch itself, which occurred at 22‘'32‘” on May 31, 1971, 
as well as of a gas venting from lines upstream of the en- 
gine values at 01''28"' on June 1, 1971. Tne two events were 
modeled with a single bum at (y*0®0!0 on June 1, and all 
the data between them were ignored. The B-plane effects 
were obtained by differencing the B-plane estimates of the 
pre- and post-unlatch orbits computed using the same 
model. 

Because there was insufficient experience and confi- 
dence in fitting maneuvers in flight, most of the effort to 
obtain a reliable orbit for the midcourse maneuver calcu- 
lations was spent processing the post-unlatch data. The 
solution recommended at midcourse — 12 h was PREM/C- 
10-C, chosen over the A and B solutions based on the same 
data set because of superior fit to the data and because 
the solved-for parameters had undergone reasonable 
changes from the anticipated standard. (There were other 
solutions with unreasonable changes.) The inflight and 
post-flight estimates appear in Table 7. When these solu- 
tions are adjusted by the final A’s caused by the midcourse 
maneuver, they produce the results seen in Table 12. The 
same qualifications apply here as for pre-unlatch. In both 
cases, the rather large Tca errors in flight are due i»ri- 
marily to the incorrect a priori value of SPjt seen In 
column C of Table 6. 


Table 12 shows that the error in B-magnitude was well 
within the 250-km (I- 9 ) accuracy requirement at L + 5 
days. Pre-fU^t analysis indicated that an uncertainty of 
223 km in |B| should be expected at this time; the infU^t 
uncertainty was 119 km. 


C. Midcourse Maneuver Aiialytit 

The midcourse maneuver was a 5.11-s bum diat startad 
at 00 June 5, 1971. The d if ferences be tween 

the final aiming point for die maneuver and the current 
best estimate of adiieved B-pIane parameters are 

ai 


given in colunin A of Taole 13. Thc.se differences are due 
to a number of factors, chief among which are; 

(1) Errors in the geocentric orbit determined from the 
pre-midcourse tracking data, which include errors 
in the geocentric state, as well as errors in the SP 
and AC forces mentioned prex iously. 

(2) Errors in tin* Mars ephemeris used for designing the 
maneuver. Even if the gr ^centric orbit were cor- 
rect, a Mars ephemeris error would cause the 
achieved orbit to mi.ss the aiming point. 

(3) Omission in flight of the effects of the .sporadic gas 
leaks which perturbed the post-midcourse trajec- 
tory. 

(4) Spacecraft maneuver execution errors. 

Column B of Table 13 shows the effect of changing 
ephemerides from DE09, which was used in flight for 
computing the midcourse, to DE80, which was used for 
the posl-flight analysis (DE80~DE69). Column C is an 
attempt to determine the errors described in (1) by ad- 
justing the differences of Table 7 for the change from 
DE69 to DE80 (post-flight — inflight is shown). Column D 
gives the best available estimate of the sporadic gas leak 
effects of item (3). 

Table 14 compares the commanded maneuver with the 
best post-flight estimate of its components. This post-flight 
analysis was based on data ihrou^ August 1, l^i 1, and is 
subject to the uncertainties indicated. The effect of using 
the different maneuver values in integraUng « trnjectorj^ 
to encounter is seen in column E of Table 13. The residual 
error in column F (Table 13) is the combined effect of the 
errors in all the above items. Additional study is needed 
to explain why column F does not equal column A. 

D. PMt*midcoiirtt Rtsuiti 

The planning and execution of the first midcourse ma- 
neuver are described in the Mamuver AnalyiiM section of 
this report. Following the maneuver, an estimate of the 
orbit had to be reestablisbed. Once this was done, the 
somewhat stable routine of cruise allowed time to {urepare 
for the next major orbit delivery deadline, at MOI ^ 18 
days (October S6, 1871), when die reconunendations for 
the second midoourse maneuver were due. Mott of the 
sohitkms studied during this perio d had their epoch on 
June 5b 1871, tmmedtetely after die ftrit midcourse ma- 
neuver. 


Oiiisi‘ wa.s the period ( hosen for phasing in the new 
eplieniei is and the tMihaiiet'd Neisioris of tli(‘ SATODP 
which were to be used for encounter support. As eaeli 
was incorporated, extensive comparisons were made be- 
tween old and new to facilitate understanding of the 
residting B-plane changes. In all, four different versions 
of th(* SATODP were n.s{*d; 

(T Phase A, pre-flight through .August 13, 1971. 

(2) Phase B, .August 5. 1971, through September 28, 
1971. 

(3) Phase ("0.0, Seplc'inber 29. 1971, through October 
22, 1971. 

(4) Phase Cl.O, October 23, 1971, on. 

The three* different ephemeTides were employed as fol- 
lows: 

(1) DE69, pre-flight through October 31, 1971. 

(2) DE78, NovemlxT 1, 1971, through November 11, 
1971, 

(3) DE79, November 12, 1971, on. 

Some post-flight analyse.s used DE80, which was available 
ill early December of 1971. 

As more data accumulated and the newer ephemerides 
and software came into use, the B-pIane parameters from 
the long arc solutions (set A, Table 5) displayed the be- 
havior seen in Fig. 11. Tlie discontinuities correspond to 
software or ephemeris changes, whereas the gradual drifts 
tndirafp the pffpct of increased amounts of diita In fhe 
presence of modeling errors. 

The gradual degradation of solutions up to August 4, 
1971, and the noticeable discontinuity at that time were 
fully expected. They indicate the effects of outdated 
t<Ming and polar motion, which were replaced when the 
change was made from SATODP-A to SATODP-B. Up to 
that time, the timing and polar motion data available at 
launch were used. The accuracy of these data decreased 
the further they were extrapolated into the future. How- 
ever, the data were used until August 4 because SATODP- 
A required the data in a format that had not been pro- 
duced at JPL since January 1, 1971. The laundi deck was 
produced by hand and was bebeved to be adequate for 
launch and midcourse nipport. With the advent of 
SATODP-B, the new format deeb could be used. These 
deeb were updated weekly throughout cruise and daily 
near encounter. 



Tht' other noticeable breaks oc'curred on Octolx'r 31» 
when DE78 leplaeecl DE69, and on Novemlicr 11. when 
DE79 replaced DE78. As Table 15 indicates, the size of 
the breaks in the solutions correlated very well with the 
differences seen in trajectories integrated using the dif- 
ferent epheinerides. and in that sense were well under- 
stood. 


Although the drifting before August 4 is partially ex- 
plained by the outdated timing and |X)Iar motion, other 
results indicated that additional problems might lw» 
present. As was mentioned in Section II, throughout the 
long arc, estimates obtained were based on a number of 
the solutions sets listed in Table 5. By comparing values 
of the solvcd for parameters from run to run with their 
a priori values, it could be seen that certain parameters 
changed to new values and stayed there, whereas others 
showed secular trends. Among the first type were DSS 
station locations and the GM of the Moon. Solar pressure 
ct)efficients are an example of the other class. 


GM of the Moon was the least controversial. The values 
that kept recurring w^re in fine agreement with those 
obtained from Mariners 6 and 7 and were believed to be 
quite reasonable. The DSS absolute longitude changes, 
however, were significantly larger than the a priori un- 
certaintiej were estimated to he and were outside the 
spread of solutions used to form the recommended set, 
LS 35. These results were not particularly damaging to 
the long arc B-pIane predictions because the sensitivity of 
the solved-for state (and thus the miss parameters) to 
station locatscns is %*C7^* small (c.g,, less than 5 km for ^ 
10-m longitude error). The implications, however, were 
much mare important. If, for some reason, a short arc of 
data, whose sensitivity to station locatiom is hi(^, had to 
be relied on, tlien a longitude error of the size indicated 
In the hmg arcs ( -^7 m) could have a 50- to 100*km effect 
on the mbs parameters. In view of thb, every attempt was 
made to reinvestigate the data that went into LS 3S and to 
study the possibility of obtaining credible DSS locations 
from a long arc. Tlib b dbcusaed further in Secthm IV. 


As for solar pressure, these coefficients, or anything that 
resembles die^ have a significant effect on long tra- 
fectories because their accelerations can integrate to a 
snbstanttal position displacement. They were, therefere, 
die donAumt error source for the pro midooume OD and 
also for an solutioos whose epo^ were early In the 
mbfton (e.g., the long arcs). 


The SP/AC model in the 01)P computes spaeeeraft 
accelerations in three tlirections ( ordiug to the expres- 
sion 

k 

V=(AC,, + aAC» + -^SP*)R 
+ (AC, + AACt 
+ (AC, + AACv +— SPy) Y 

whoro 

r = Sun-prolu' distance, km 

fc * a factor depimding on pacecraft mass and 
area and solar flux constant 

R = unit vector directed out from Sun to space- 
craft 

X » unit vector along spacecraft +X direction 
(pitch axis) 

Y « unit vector along spacecraft +Y direction 
(yaw axis) 

SPa.x.t “ solved-for ref lectivity coefficients along R, 

X.andY. 

ACm.x.y ^ solved-fw constant leak components 

AACg.j.v • additional nonsolved-fw, time-varying leak 
components 

Over a small range of Sun-probe distances, any gas 
leaks, AC, could be absorb^ in SP,.,.r and, as long 
as they were small enou^ would give SP values widiin 
reasonable dispenions from tbe a priori . 'Mmed in 
Section II. However, as the Sun-probe distance increases 
so that the i/r* factor comes into play, tbe continued 
absorption of constant AC leaks hrto SP would mean a 
secularly changing set of SP coefficients. Because die be* 
havior shown in Fig. 12 occurred, it was deduced that die 
probe must have bad a mall AC leak. 

Meanwhile, the AC subsystem en g i n eer s were making 
estimates of the magnitudes of die leaks, wfaldi they had 
disooveied independently duon^ analysis of die eogi- 
neerlng lelcnietry. Ylieir estimates were die first oon* 
fiimation that tht OD dednc M o ns were wril founded and 
showed dut the leaks were well widiin die subsysteas 
OBi^pi promp ww umn id i wBi g 

i 

I 
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these leaks to the Navigation Team’s attention at all was 
the concern the OD engineers showed over the mue^ 
larger sporadic leaks that began on September 15. 

The character of these leaks is discussed at greater 
length in Section V. Briefly, one of the rolbaxis vaKes 
would aperiodically fail to close entirely, |K)ssibly because 
of small particles caught in the valve seat. The valve 
would leak until such time as it was required to tire again, 
when the particle would be blown away. The new firing 
would come cither as a response to normal torques on the 
spacecraft or. in the case of large leaks, after specific 
corrective commands from the ground. 

The appearance of these sixiradic leaks, and the con- 
firmation of a long-standing constant leak prompted 
renewed analysis of OD strategies. The strategies would 
depend on the expected magnitude of the B-plane changes 
caused by these leaks as well as the OOP's ability to 
handle such phenomena. In general, the long-arc solu* 
tions, which included nonstate parameters, gave results 
significantly different from the state-only cases, when 
sporadic gas leaks were present in the data. Some very 
disturbing correlations were observed between station 
locations and AC coefficients, which will be discussed 
further in Sections IV and V, When it was found that the 
constant leak would move the trajectory only 50 km in 
the B-plane and that the sporadic leaks would probably 
mean less than 10 km, it was easier to put these problems 
in perspective. It was important to choose an approach 
that would not allow these accelerations to corrupt the 
estimation process. The choices were: 

(1) To recommend the results based on long-arc solu- 
tions up to the beginning of sporadic leaks. 

(2) To solve for AC and SP using the data prior to the 
sporadic leaks, and Inputting these data to the tra- 
j^tory along with the sporadic leak magnitudes 
proviM by the AC subitem personnel, fit the 
entire long arc of data, and use the state<Mh' 
solution. 

(3) To rely on the approach of (2) ap|4ied to a short arc 
starting a few weeb before the planned second 
mkloourse maneuver to minimise the errors caused 
by integration over a long trajectory. 

Other options were diicanled as the number of sporadic 
laaks be^m n u m b e r of aolved*for 

leaks In die ODP. Item (3) involvad fttting data from 
October 4 to Octobar 2S, dui^ which thne diere were no 


sporadit' UmI.s. but the* informal io!i content of thc'^e data 
was insutfment to meet the Project’s retpiired deli\ery 
atvuracy. \ decision was made to pursue options (1) and 
(2) simultaneously and \o ix)stix)ne the final decision for 
as long as pos.sible. 

Option ( {) used long arc* of data up to 0 b on Septem- 
ber 15. Until the OD engineiTs were officially notified of 
the gas leaks, they had I'een fitting the data w’ith tra- 
jectories that hat! zero values for AC^.i > . .According to 
plan, they had generated partial derivatives for those 
parameters. They found they could obtain nonzero values 
for them in the solutions, but that their effect could 
alternatively be absorbed in the solar pressure to give an 
i quivalent B-plane result to within 10 km. 

Table 16 shows that the solved-for ACk.x.\ results were 
noticeably different from those suggested by the AC sub- 
system engineers. However, after consultation, the engi- 
neers indicated that the uncertainties in their estimates 
would not exclude the OD values, and that the greater 
inagnitmle in the Y direction could be caused by leaks 
from two op|X)sing roll jets on the + Y solar panel, which, 
in turn, would explain some additional anomalous be- 
havior they had observed. Therefore, the values in column 
E were adopted for option (2) and all subsequent OD. 
The eunrent best estimate of these parameters, determined 
from post-flight analysts of the same data arc, is also 
included in Table 16. The solution based on approadi (1) 
in flight is compared with post-flight solution in Table 8. 
The covariances here did not include the effect of 
**consid'^r** parameters and so are somewhat optimistic. 
Pre-flight studies suggest a v |B| of 95 km. 

On October 26, when the orbit estimates were due fm 
designing the second midcourse maneuver, only kmg-arc 
solutions were available, based on DE09 and the AC 
information in Table 16. Initial indications from the 
Ephemeris Development Group were that the stiU-to-be- 
delivered new ephemeris (DE78) would change |B| down- 
ward by SO km. From analysis of the first three sporadic 
leaks, the OD engineers concluded that, if sudi leaks con- 
tinued, they would serve to increase |B|, but by no more 
than 10 km. (The first three leab amounted to -f 2JB km 
in |B|.) In aMtior, if the station locations were in fact bi 
error by the —7 m indicated^ the long-arc sohilions would 
be affected by no more than 5 km. Alter factoring all this 
information in with die solutions seen in Table the 
Navigathm Team Chief was advised that |B| would be 
8235^ 100 km« 



E. Pre MOI w^tfpport 

When tlu* srcond midcourst' maneuvt r was canceled, 
the continuity and Intej^rity of the long arc could be pre- 
served. Nonetheless, according to the planned strategy, a 
series of interni(‘diate-arc solutions was initiated. If these 
results agreed with the long arcs, it would indicate that 
there was no problem; if not, the varying sensitivities of 
the two data spans might help to pinpoint the problem. 
The results obtained are Jiown in Fig. 11. 

The epoch was chosen at October 4 becau.se, at the time 
the decks were set up for these runs, there had been no 
gas leaks since October 4. The dispersion in the solutions, 
although within the considert’d covariance, was nonethe- 
less disquieting. Attempts were made using simulated 
data to determine whether ephemeris errors could pos- 
sibly cause such behavior before MOI 5 days, but they 
were inconclusix e. A more readily accepted explanation 
was the corruptive effects of the possibly poorly modeled 
sporadic leaks. Once the a priori state was constrained to 
100 km and 0.1 m/s, state-only solutions matched their 
long-arc counterparts to within a few kilometers. 

Eventually, the awareness that these arcs were really 
being processed as a backup for the long arcs lessened the 
conc'ern alx>ut their instability. There was not enough 
time during the actual operations to explain their be- 
havior adequately, and, because there already were a 
series of understandable stable solutions, no crash effort 
was made to resolve the problems. Nevertheless, inter- 
mediate-arc solutions were made up to MOI. Some p03t- 
flight analyses of the intermediate arc are discussed In 
Section V. 

In addition, according to the [Mre-flight strategy, sliort- 
arc results were studied. The epoch for the short arc was 
November 9 (MOI - 5 days). Since there were still 
sporadic leaks at this time, in addition to the kmg stand- 
ing constant leak, all short-arc trajectories included the 
solved-for values of Table 8 and the latest estimates of the 
sporadic leak magnitudes by AC subsystem engineers. 

The experience of past mitsioos was that the short ait . 
would not provide s^tkms of comparable accuracy to 
thoie of the long arc until the spacecraft was within a day 
of encounter. After this time, short-arc results should pro- 
vide a food check on the long-aic aohitfons , and, perhaps, 
a better estimate of the parameter Tra. Tlie strategy was 
to rely on the sohttions for the slate-only and the slate and 
station locations. Hie station loc a tions are importaiit if a 
short arc is to absorb any possible timing or ephemeris 


errors. The GA/ of Mars w as not as important as the statum 
locations because three flyby determinations bad already 
Ikhmi made ol it. The* effects of SP and AC (TTors on the 
trajectory would b(‘ almost insignificant because of the 
short integration time, which, in combination with the 
unpredictable sensiti\ ily of their partial derivatives to the 
intermittent gas leaks, would make them bad candidates 
for inclusion in the solution. 

At MOI “5 days, there was an opi)ortunit> to update 
th(‘ spacecraft c<mlral computer and sc<|uencer (CC&S) 
with a new set of maneuver commands. To support this 
update, the OD team had to provide a recommended orbit 
and associated uncertainty. Of the long- and intermediate- 
arc .solutions available at the time. POSTMC-42-A was 
chosen. The B-pIane parameters were: 

(1) |Bj - 8203.41km. 

(2) B«R « 6004.71 km. 

(3) B-f » ,S589.22km. 

(4) T, I * (K31'"46’64, November 14, 1971. 

Th» itelectiun was based on the comparative stability of 
the long-arc solutions which had been obtained through- 
out the mission and the assumption that there would he 
enough inertia provided by the data up to September 15 
to maintain an even keel througi the period of inter- 
mittent gas leaks. 

The results of the radio short-arc solutions, whose 
epoch was MOI— 5 days, are plotted in Fig. 11. This was 
the span during which optical data becanre available. 
The r«*sults based on POS I and POS II data, alone and 
in cxmibination with radio data, also appear in Fig. 11. 

At MOI — 12 h, another orbit was required to prepare 
for the fiital possible full CC&S load. By this time, all 
orbits had hm recomputed using DE7B, all the POS I 
and POS II optical data were available, aitd the short-arc 
solutions were improving. Ute individual results con- 
sidered are shown in Table 17, in which the long-arc 
s jlution was supplied for the MOI computations. The 
very good agreement between the optical-oaly and radkv 
only results renewed confidence in the long-arc lohitian. 
Thm had to bo no significant Man ephamerik error 
because the optical sohithm, which was epheir.p 
independent, ai^ the radio solution, whidt was hi,;t .. 
ep hem eris-depe n dent, wero neariy identical. 

At the time of the final pottflile update, die sohitioat 
only had data up to MOI— 8 h became of a faihve on die 



\ATTRACK computer. Hu* short-arc solutions k 1 
drifted upwards in and were holding at the values 
sliown in Table 18. The long-arc solutions, also shown in 
that table, did not move as they experienced more and 
more gravitational bending. 

There were four possible choices for the final uixlate 
recommendation; 

(1) Use the long-arc solution up to Srptembrr 15. cor- 
rected for the new ephemeris and the trajectory' 
effect of the subsec |uent gas leaks. 

(2) Use the long-arc, state-only solution, fit to all the 
data up to MOI^Sh. 

(3) Use the short-arc solution with data up to MOI — 8 h. 

(.4) Use he combined optical and radio solution. 

The large movement in B*R on the short arc was unex- 
pected but was somewhat confirmed by the optical data. 
However, the short arcs were susceptible to unmodeled 
leaks. Thus, the final recommendation, based on (2) was 
POSTMC-56-A, which was bolstered by its reasonable 
similarity to the pre-September 15 data result. 

As can be seen from any of the above tables, the inflight 
recommendations were quite accurate. Pre-flight analy .is 
bad predicted a ^3-km uncertainty in |B| at MOI —5 days, 
and 120 km and 50 km for the short and long arcs, respei - 
tively, at MOI-12 h. 

Figure 13 gives an indication of the overall OD per- 
formance from lanndi to encounter. The 50-km bands 
around the current best estimate represent the allowable 
l-e|B| delivery error at MOI*-* 6 h.Tlw insertion nianeuver 
was actually based on an orbit whose |B| error was 58 km, 
even tbou^ there were improved orbits availaUe in time 
to reload the CC&S (e»g., at MOI- 12b). 

Table 19 contains bdonnatioii about the radio sedutions 
plotted in Fig. IL 

The avaikbiecbarfed-particlecaMiratioos were used in 
fbglil iMi H ift fi tf # 1 bailt Ahhough the fc iu lti were 

not in partknhtfly good apoement with the r jrrent best 
etUMte, they sh owed no mote disper si on than the inter- 
medialeHUc solutions. The studies, which are described to 
to siidi artldb of Bef . 1* were toeondushe and 

did not influence the final orbit rsoonunendattons. 


F. The Current Best Estimate 

The current best estimate (CBE) was obtained by com- 
parison of post-flight results i;sing three strategics: (a) a 
long are from midcourse maneuver MOI, (b) a .short 
are from MOI -*5 days to MOI. and (c) a short arc cover- 
ing MOI— 5 days to MOI + 10 h that included an MOI 
burn model. Tlie results shown in Columns B, D. and E of 
Table 20 apply to strategies a, b, and c, resp<»ctively. The 
individual values were the euiieiu.si«/ii.s diawii fiom a 
sttidy of a variety of data sets and solution parameters for 
each arc of data. Strategy e w'as btdieved to be the lx*sl 
solution for orbital inclination and the one that would b<» 
least de|K*ndent on ephemeris and station location errors. 

Tlie differences Ixtween inflight and poft-rlight results 
are d»te primarily to the use of updated timing, AC coeffi- 
cients, and ephemerides. The improved AC coefficients 
came from post-flight analysis of the arc from midcourse 
maneuver »o Septemlw 15. using tighter doppler data 
weights. Although DE80 was used for all but the long-arc 
post- flight analysis, comparison of column B • Table ^ 
(which solves for the ephemeris) with colum C (which 
estimates orly the state) shows that tl»e long-arc cases 
seemed to c*om|x*nsrte adt*(|uately for the change in the 
relative position of Mars with respect to the Earth. 

A still unresolved problem is the apparent inertia of the 
long-are solutions during the last day. It is believed that 
the problem la\' with a particular operational procedure 
for adding new data to an existing data set. All the inflight 
long-arc results from MOI — 1 day on relied on this pro- 
cedure because of tinx* constraints. When post-flight 
analysis u.sed a supposedly equivalent but more time-cem- 
suming technique, the probtom disappeared. The ques- 
thmabie procedure will be revised for future missions. 

G. An Evaluation of Mart OrbH Imtr^ 

Radiomttric Oola 

The acceWraticn of the spacecraft caused by a motor 
!jum is represented to the ODPby 

¥ » - r.) - u{i - T/)l (2) 

where 

a w magnitude of r 
U • unit vectortedirecttonofi 
• effective start tiine of motor 
Tf ■ effective slop dme of asotor 



t = current lime 




[1, for t > T 
jojor^ < T 


The effective stop time Tf is given by 


Tf = To + T 


(2) November 13, 23:00:00 to November 14, 01:49:00, 
weighted at 0.120 Hz. 

(3) November 14, 01:49:00 to November 14, 11:00:00, 
weighted at 0.010 Hz. 

Tlie second data span was weighted loosely because the 
spacecraft turns and maneuver occurred during this 
period. 


where T is the mput burn duration. The quantity T/ can 
alternatively be computed within the program as the 
instant at which the accu ^ulated |aV| of the bum reaches 
an input value. 

The acceleration magnitude a is given by 

_ F(r) ^ + + 

m(r) Af,r» Af,r^ ^ 



(3) 


Three basic strategies were examined in solving for the 
maneuver parameters. The first restricted the |aV| to 
1600.6854 m/s (which was a preliminary result obtained 
from the Navigation Team s maneuver group) and solved 
for the F,*s, an 1 8. The a priori values were obtained by 
telemetry analysis and are given in Column C of Table 21. 
The iterated solution appears in Column D. The rather 
large change in Fo, as well as the considerable difficulty 
in fitting the data, suggested that the |aV| might be 
wrong. The second and third approaches both allow the 
ODP to obtain its own best estimate of |aV| by patching 
the pre* and post-burn data together. 


where 


F(t) = magnitude of thru.st at time t 
Fo, Fj, Fs, Fa, F* = polynomial coefficients of F(t) 

T = t — Tft, seconds 
m(T) = spacecraft mass at time t 
mo = spacecraft mass at To 

Mo, Ml, M,, Ms = polynomial coefficient of propellant 
mass flow rale (positive) 

C » 0.001 for F in newtons and m in kilo- 
grams 

The unit vector U in the direction of thrust is given by 



where a, 5 * right asceusion and declination, respec- 
tively, of U, referred to ^he mean Earth equator and 
equinox of 1950.0. 


The second scheme estimates the F/s, a, 8, and the 
duration T without using radiometric data taken during 
the bum. The results appear in Column E of Table 21. 

From the estimated model, the |AV| imparted to the 
spacecraft was computed using 


|4V| . C 



F.t + r,T + F,.‘ + F,.* + F„‘ 

MiT* M,T* MiT* 
ttlfl WoT A A . 


(5) 


giving 1601.852 m/s. The de« .ed |aV| is remarkably 
stable regardless of whether the basic trajectory includes 
or excludes gas leaks. Thr rather large correction to T is 
disconcerting because the propulsion engineers feel they 
know '.he instants of motor start and stop to within 00 ms. 
However, since including the data taken during the bum 
improves the value of T while maintaining the same |^Vj, 
this solution, given in column F, was chosen as the best 
maneuver estimate. The commanded |AV| and roll and 
yaw turns are given in Column B for comparison. 


The finite bum model was estimated using doppler data 
only over the period from MOI— 5 days to MOI + 11 h. 
Hie data were broken into three spans: 

(1) November 00, 00:00:00 to November 13, 23:00:00, 
wd^ted at 0.015 Hz. 


H. Dtl«rmin«tion of Attrodynamics Constants 
From Intsrplanstary Data 

Inflight and post>flight analyses have yielded new de- 
terminations for the GMs of the Earth, Mars, and die 
Moon. 
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Tlu‘ solutions for Karth. usm.^ lour dillmMit data spans, 
appear in Table 22. O.ita span 1 giv<‘s tb(» most relial)Ie 
sohilion beeaus(’ it eontains unadulterated data elosest to 
Earth, horn injection to scan platform unlatch at L -h 
1 day. Data span 2 (injection to midcourse maiuniver), 
data span 3 i injection to L 4- 25 days), and data span 4 
(unlatch to midcourse maiuaiver) j^ive results consistent 
with .hose from span 1, which further increases confi- 
d(*nce in span 1. The new* value is compared w ith deter- 
minations from otluT missions in Ref. 10. Table 23 show's 
the sensitivity of th(‘ solution to various error sources. 

New’ determinations of GM Mars came from tw'o data 
arcs: the first extends from MOI —5 days to MOI — 45 min 
and includes both doppler and ranging, whereas the sec- 
ond continues on to MOI + 11 h but contains only dop- 
plei. Tlie \ allies obtained (in km Vs') are 42828.60 4 0.60 
(EOOlWL) and 42828.2,5 0.55 (MOI08A), respectively. 

\s was the case with GM Earth, a variety of different 
solution sets and input models were investigated which 
gave results varying from 42827.98 to 42828.65. The re- 
sults quoted us the AC subsystem engineers* sporadic 
leak model with the current best estimate of the contin- 
uous leak from Table 12, and the tenth-order Mars 
harmonic model referred to the updated \)o\e given in 
Table 4 of the Satellite Orbit Determination .section. The 
bum model for the second arc is that of strategv 2 in 
Table 21. 

The GM Moon solutions are derived from processing 
the long data arcs of interplanetary cruise because the 
monthly revolution of the Earth around the Earth-Moon 
barycenter impresses a periodic signature on the cruise 
doppler and ranging data, whose amplitude is a function 
of the ratio of the Earth and Moon masses. 

A number of solutions were examined with different 
combinations of weights fer each data type and different 
sets of estimated parameters. The standard set of esti- 
mated parameters includes the probe state, SP, AC, 
station locations, and the Earth-Moon mass ratio. An 
a priori uncertainty of 0.0166 was assumed for the mass 
ratio parameter. The solutions were: 

Ca$e L Doppler only fl-a doppler noise assumed to be 
0,015 Hz) Mdth standard estimated parameter 
set, giving 81.30068. 

Case 2. Range only (1-e range noise assumed to be 
100 m) wiA standard estimated parameter set, 
giving 81.30067. 


Case 3. Doj^plcr and rangi’ (l-o doppltT and range 
noi.se assumed to be 0.015 Hz and 100 m, re- 
spectively) w’ith standard estimated parameter 
set, giving 81.30067. 

Crtve 4. Doppler and range weighted the same as Case 
3, w ith standard estimated parameter set plus 
Mars and Earth-Moon barycenter ephemeris 
parameters, giving 81.30067. 

Case 5. Doppler and range (l-<r doppler and range 
noise assumed to be 0.015 Hz and 50 m, respec- 
tively) with the estimated parameter set the 
same as in Case 4. 

AH solutions yielded nearly the same mass ratio. Cases 1 
and 2 indicate a remarkable agreement on the mass ratio 
between the two data types. With such good agreement, 
the relative w'eight of the two data types becomes less 
significant. Cases 3 and 4 show that the lunar ephemeris 
error is probably too small to have an effect on the mass 
ratio estimate. A possible error source is the periodic 
variations in the interplanetary medium. Melbourne (Ref. 
11) has show n that a 28-day sinusoidal variation of solar 
flux of 0.1% could produce an error of about 0.001 in the 
mass ratio, but he also pointed out that it is not likely to 
be the ca.se. The agreement of the mass ratios computed 
from the data gathered from several interplanetary space- 
craft also does not include this sort of systematic error 
unless the phase of the flux variation is the same for each 
mission, which does not seem likely. 

I. Determination of DSS Locations From Interplanetary 
Data 

Four different data arcs have provided station location 
estimates: (1) Pre-midcourse, from unlatch to midcourse 
maneuver; (2) post-midcourse, from midcourse maneuver 
to September 15; (3) pre-encounter, from MOI— 5 days to 
MOI— 45 min; (4) pre- and post-encounter, from MOI— 5 
days to MOI + 11 h. Elxcept for the post-midcoune, 
which was processed using DE79, all arcs have been fit 
using DEI80. Final Bureau Internationale de lUeure (BIH) 
timing and polar motion were used, although no charged- 
particle calibrations have been applied. 

The results of the estimates are shown in Table 24. 
Both DSS 14 and DSS 62 show 2- to 3-m changes in spin 
axis near MOI. Changes of this size are not disconcerting 
in view of the absence of charged-particle calibrations and 
the well-known seasonal duuacter of these effects. What 
is noteworthy is the 7- to 9-m decrease in absolute longi- 
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tudcs througliout the DSN. This effect was seen in flight 
as well as in post-flight studies of the intermediate arc 
(October 4 to MOI — 45 min). There is currently no ex- 
planation for this phenomenon. 

IV. station Locations and the Orbit 
Determination Process 

A. Introduction 

This section is an investigation of the use of deep space 
station locations (DSSL) by the OD groups of the Navi- 
gation Team. The discussion indicates why DSSL are so 
important for OD by providing a simplified analysis of 
the diurnal data signature. It then establishes the concept 
of “true” DSSL determined by post-flight analysis of 
previous missions and discusses the extent to which these 
can be employed for inflight OD support. The discussion 
also shows that the effect of DSSL errors on real-time 
OD results is a function of tracking data arc length, with 
short arcs being most error-prone. Finally, it explores the 
benefits and hazards of estimating these parameters in 
flight. 

B. How DSS Locations Are Involved in OD 

The current Deep Space Instrumentation Facility 
(DSIF) radiometric hardware measures range and range 
rate to better than 15 m and 1 mm/s, respectively. Even 
with this accuracy, it is remarkable how well the three- 
dimensional motion of a distant spacecraft can be deter- 
mined with only a few days’ data. The explanation lies 
with the daily rotation of the Ear*^h and th^ movement of 
the tracking station with it. For range rate data, Hamilton 
and Melbourne have presented a simplified analysis in 
Ref. 12, which will be briefly described below. Reference 
13 and Section II-A-3 of Ref. 14 explain the role of station 
z heights in processing ranging data. 

The basic parameters involved in the range rate effect 
are illustrated in Fig. 14, which shows a distant space- 
craft being tracked by a station on Earth. The spacecraft 
position is expressed in terms of geocentric range (r), right 
ascension (a), and declination (A). The Earth*fixed location 
of the tracking station is given by its distance off the spin 
axis (f«), longitude (A), and distance from the equator (x). 
The range rate measured at the tracking station (Fig. 15) 
results from the combined motion of the spacecraft and 
the tracking atatioD, with the station imposing a linu- 
soidat signature on the observed range rate. Excluding the 
effect caused by geocentric motion of the probe, the 


diurnal signature on raiuie rate data can be approximated 
by 

i.,r„ cos 8 sin (o>UTl + ao *f A~a) (6) 

where 

no = instantaneous right ascension of mean Sun 

ifi = mean rctaticn of Earth of date 

and 8 = instantaneous coordinates of prou*; 

Here, the amplitude and phase of the sinusoid depends 
not only on the tracking station location but on the space- 
craft angles as well. Indeed, uncertainties in 8 (through 
cos 8) are indistinguishable from uncertainties in r«. Simi- 
larly, uncertainties in A are indistinguishable from un- 
certainties in (t. For this reason, uncertainties in the loca- 
tions of the tracking stations are the principal limitation 
to determination of spacecraft geocentric angles from 
single passes of tracking data. Accordingly, when short 
data arcs are used, station location uncertainties usually 
prove to be the major error source in determining the 
orbit of an interplanetary spacecraft. Station location 
errors of 3 to 7 m can produce orbit estimate errors on the 
order of 100 to 200 km at typical Earth-Mars encounter 
distances of 10^ km. 

In addition to the major effect of the station location 
errors, there are other secondary effects in the radiometric 
measurements which, when unaccounted for, introduce 
error sigiiatures essentially equivalent to those of station 
location errors (viz., the ESLEs nr.entioned in Section 
Il-B-1). In addition to the actual location errors, ESLEs 
include Earth polar motion and rotation rate variations, as 
well as tropospheric and ionospheric modeling errors. 
These errors not only additionally corrupt spacecraft 
orbit estimates, but they also degrade attempts to recover 
the actual station location errors from spacecraft tracking 
data. 

C. Obtaining '"True" Station Locations 

There is a set of numbers which indicates the position of 
each physical DSS with respect to imaginary axes fixed 
somehow in the Earth. Except for such geophysical pro- 
cesses as earthquakes and continental drift, these DSS 
locations are absolutely immutable and, at least theoretic- 
ally, determinable. 

Statitm coordinates can be '‘absolute^ giving posi- 
tions with respect to the 1903.0 pole and prime meridian, 
or **relative,'' giving positions of one station relative to 
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anotluT, Tlu' l.illt*r t\pc ol information is most easily oh- 
taiiu d because tlu* diurnal rotation ot tlu* Kartli hrini;s the 
stations sneeessively into \ie\v of the sanu* spac*eeraft 
W’lu'n the spacecraft is on a reasonably smooth ballistic 
trajt‘c‘lor\ , its sbort-tt*rm bt'ha\ ior is (|uitc prc*dictable iiiul 
provides a vt*rv strong common link between the partici- 
pating stations. 

Dctcnnination (d absolnt(* DSS locations at any given 
tdnc. even post I light, when all the a\'ailabh* calibrations 
au in. is a (ask made difficult by: 

;1) Tlu* <|ucstionable existenct* of an “absolute/* \nc 1I 
defined reference frame against which to measure 
DSS locations. 

(2^ The nature of the attempted tu* between the DSS 
and the reference frame of ( 1 V 

The* iiiHueiur of ESLEs mentioned above, (The 
media efb c ts also have a .strong bearing on relative 
locations.) 

1. The reference frame. Tlu* cpiestion of a well defined 
reference* frame is philosophically the most intcrcstii;g and 
perhap.s the most difficult to solve. Because of the oceans, 
it is impossible to determine relative distances between 
stations on different eonlineiits by rod and chain methods. 
Surveyors ha\ e long since resorted to astronomical tech- 
niques, hoping that observation of the stars would help 
them. For their purposes, the frame of reference provided 
by a star catalog was sufficiently close to inertial to pro- 
vide the accuracies they hoped to obtain. Even through 
the early years of the space program, when the star cata- 
logs were replaced by numtiically integrated planetary 
ephemerides, such techniques were feasible; however, as 
technology progressed, the ability to determine the topo- 
centric range of the probe and the instant of its meridian 
crossing has improved far beyond the precision and acai- 
racy of any astronomical techniques for measuring the 
same quantities for celestial objects. For example, in the 
absence of transmission media effects, a full pass of typical 
DSN two-way doppler data during cruise or flyby can 
determine the instant of meridian crossing to :i:2.5 ms. 
Obviously, errors exceeding this amount in the star cata- 
logs or in planetary ephemerides would have some influ- 
ence on the derived station locations. It remains to be seen 
how such errors would manifest themselves. 

During a flyby, because of the very high planetocentric 
acceleration on the probe, the law of universal gravitation 
a\h\vz determination of the distance of closest approach 
to within 1 or 2 km, irrespective of ephemeris errors, and 


lu*nc(* obst*rvMtion oi tin* mstaul of tbo pkuict s meridi:m 
crossing to cft(*ctivcly the same precision (-+ 2.5 ms or 
Tlu* hour angle // of the probe is exactly zero at 
transit. Further, it depends on the true sidereal time 0. 
the east longitude of the station A relative to the true pole 
tet»ire<. ti*^i for polar molionb and the true right ast ension 
ol tlu* probe (which is tied to the planet s nr to within 
0 '()4b aeeoiding to 

II = {0 T A) ~ a (7) 

Thus, e*Tors in either 0 or o could atteet the determination 
of A. If these errors were constant biases over the years, 
then, except for media effects, the longitudes obtained, 
although in error, would be the same for different flybys. 
If tlu* errors were not constant, the derived longitudes 
would change from inission to mission. 

There is mounting evidence that the star catalogs do not 
represi*nt a truly inertial s\ stem. ^\^len the fundamental 
catalogs now in use were created, the designers adjusted 
tlu* observ ed ( enteniiial v ariations for the drift between 
the eipiinoxt s determined at different eix>chs. This adjust- 
ment was intended to remove the effects of precession 
from the centennial variations, but, in the process, an error 
given by the algebraic difference of the errors in the 
individual equinox determinations, divided by the time 
lu'tween them, was introduced. This fictitious rate has 
no basis in reality but nevertheless affects all the derived 
star coordinates. The fourth Fundamental Katalog (FK4), 
for example, to which both UTl and the planetary ephem- 
erides are referred, is believed to be drifting with respect 
to a truly inertial system by about 1"'' 'century. 

Because the ODP computes the sidereal time 0, using 
the UTl provided by BIH, it is obvious that the angular 
position of the Earth’s prime meridian in space is not 
represented with respect to an inertial frame of reference. 

This would not be a concern if the planetary ephem- 
erides could somehow be adjusted to al»orb the fictitious 
rotation. However, the advent of precision planetary 
ranging, better planetary masses from spacecraft flybys, 
and numerically integrated planetary ephemerides, based 
strictly on relativistic gravitational theories and fit to 
both opiical and radio data, is making such distortions 
ever less possible. Whether the current best JPL ephe- 
merides themselves define an inertial reference iVame is 
open to question, but it is also a moot point because, until 
the FK4 equinox drift can be rectified, the derived station 
longitudes will still be drifting at approximately 0.3 
m/year. 
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2. Tying the probe to the reference frame. Assuming 
there were a well defined inertial coordinate system to 
which time and th(» planetary ephemeris could be re- 
ferred, there is still the problem of determining the space- 
craft location in this system. Planetary encounters, as men- 
tioned earlier, can give the probe’s position with respect 
to the target planet very accurately. The strer gth depends 
on the gravitational bending of the trajectory, which, of 
course, continues after the instant of closest approach. 
Unadulterated data of this sort are available for the 
Mariner 4 spacecraft, which encountered Mars on July 15, 
1965, and for Mariner 5, which flew by Venus on October 
19, 1967. Mariner 2, which flew past Venus on December 
14, 1962, had serious gas leaks and was tracked using 
L-band, which is more susceptible to charged-particle 
effects. Mariners 6 and 7, which encountered Mars on 
July 31 and August 5, 1969, respectively, both had gas 
venting at encounter minus 45 min (E — 45 min) to cool an 
experiment. In addition. Mariner 7 had an unexplained 
“happening” at E—5 days, which caused perceptible 
iiongravitational accelerations until E— 1 day. Mariner 9 
started the MOI bum shortly before encounter. Obviously, 
for all but Mariners 4 and 5, there are limitations to the 
strength of the tie to the target planet, but there are con- 
tinuing efforts underway to better model the various dis- 
turbances and thereby increase the samples. 

The other customary geometry for determining station 
locations depends on the low sensitivity of Eq. (6) to 
declination, when the declination is near 0 deg. Various 
spacecraft have passed through the 0-deg declination 
region (some more than once) and have provided data 
used extensively for the determination of r„ Efforts have 
centered on the Manner 5 0-deg declination crossings in 
August and November of 1967, but the appropriate arcs 
from the various Pioneer missions will eventually be 
added to the selection. 

The classical approach for both of these situations is 
the use of a short arc of data (5-10 days for a flyby, 6-^ 
weeks for a 0-deg crossing) centered around, or leading 
up to, in the case of Mariners 2, 6, 7, and 9, the critical 
event. The short arc of data limits the accumulated effect 
of unmodeled forces in the trajectory and minimizes the 
number of unmodeled random effects one must contend 
with. More recently there has been some interest in the 
use of longer arcs of data, linking Earth and the target 
planet for example, in the hope that this might diminish 
the effects of certain ESLEs for r» and allow gravitational 
banding by the Sun, in conjunction with the ephemeris of 
the Earth, to help establish the probe's right ascension and 
thus the longitudes of the stations. 


3. The influence of ESLEs. Usually after a mission is 
over, time is available to carefully reexamine the calibra- 
tions and support infonnation produced in near-real time. 
Additional data are often taken after the mission, which 
puts earlier results in a different light. This happens with 
the timing and polar motion data, the planetary ephem- 
(‘ris, and the media calihration.s. In fact, as often as there 
are impro\ ements in the reduction procedures, revised 
estimates of these will he obtained for long defunct space- 
craft, providing the raw data are still available. The fre- 
cjiK Mcy of the updates is a sufficient disehiiincr about the 
“ahsolutt ” accuracy of any of the calibrations. 

The BIH “finaU timing and polar motion data are pub- 
lished approximately 6 months after the fact. The data 
represent the smoothed results from many observ^ations, 
hut they are knuv\ n to he hia,sed from the results of other 
agencies producing timing and polar motion. Because 
these other agencies differ among themselves, there is 
currently no w^ay of telling which is correct. 

Tlie planetary ephemeris is subject to change as more 
data are added. Better topography for the planets will 
mean improved radii and, possibly, different orbits, when 
radar data arc employed. Incorporation of Mariner 9 
orbital phase data will provide geocentric ranging to the 
Mars center of gravity good to approximately 50 m, inde- 
pendent of topography, over nearly a one-year period. 

The media calibration data are also nondefinitive. The 
models used in analysis of the raw data are state of the 
art and are under continuing investigation. The final re- 
sults must be represented by a smoothed curve fit to noisy 
data because the specification of all the possible causative 
effects is too complex. 

For the above reasons, it will always be impossible to 
obtain the final ^^definitive, absolute locations,*' although 
the uncertainties may reasonably be expected to decrease 
in time. 

4. Deflnirion of the current best set of deep space sta- 
tion locations. The locations published as "current best” 
are obtained by combinations of results from the various 
missions processed. The amount of data included the 
ephemeris and TSACs used, and the combination pro- 
cedure employed, change from time to time. Hie produc- 
tion of Ii$35, the set recommended for Mariner 9, is de- 
scribed in the second section of Ref. 1. 
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By modif\ing the eoinbination procedure, iuciuding 
correct(‘d charged-particle calibrations, and incorporating 
all th(‘ results in a mathematically simpler way, with no 
att(‘mpt at applying engineering judgment, a new set, 
LS37, also described in the above article, has been de- 
rived from post-flight analysis. This set uses the same 
ephemeris, timing, and neutral particles at LS35, and 
therefore suffers from their shortcomings. Otherwise, it 
represt nts the best software, calibration, and combination 
techniques. 

0. Locations Recommended for Real-Time Use 

The current best estimate described above is the kind 
of information produced in advance of a mission requiring 
critical station location support. However, in practice, 
these locations could not be used directly in the OD 
process because some of the eulihrations used for post- 
flight analysis are not available for all the stations in near 
real time. Charged-particle information, especially when 
obtained from Faraday rotation devices, has been rou- 
tinely mailed to the SFOF. (From Australia, this can take 
2-4 weeks.) If ‘absolute” station locations, which were de- 
termined using charged-particle calibrations, were used 
when processing data for which no such calibrations were 
available, significant signatures would develop that 
might have a deleterious effect on the OD. In such a situa- 
tion, there is the choice of ( 1) providing calibrations based 
on a model for the charged-particle behavior, or (2) apply- 
ing appropriate ESLEs to the absolute locations to 
account for the predicted effect. The selection is usually 
made on the ba.sis of availability. 

For Mariner 9 encounter support, it was decided to use 
the Mariner 6 uncalibrated locations for real-time en- 
counter support because of 

(1) The absence of charged-particle calibrations for the 
overseas data and the rather spotty coverage at 
Goldstone. 

(2) The absence of appropriate ESLEs to account for 
these effects for Mariner 9. 

(3) The excellent prediction (post-flight) of Mariner 6 
encounter afforded by the uncalibrated Manner 6 
station locations used for LS35. 

E. StnaitWHy to Station Locations or ESLEs as s 
Function of Data Arc 

L Sansitivttyonoiia arcs to ESLEs. It has been deter- 
mined from covariance studies and actual data processing 
that the probe state becomes ever less sensitive to ESLEs 


as the data arc lengthens. For example. Ref. 15 shows that, 
on a representative Mariner Mars 1971 trajectory, with 
twr>-way dopplerdata from two stations (DSSs 12 and 41) 
over the period MOI— 5 da\s to MOI— 6 h, a 3-m error 
in r, and a 5-m error in A would cause an 85-km error in 
the predicted B*T and 133 km in B* R. When the data arc 
starts at I + 5 days (and th(» arc is 160 days long), the 
same errors cause less than a 2-km error in either B*R 
orB-T. 

There has long been the feeling that the longer arcs 
somehow "average” the ESLE effects, and allow decent 
solutions despite them. This phenomenon was studied 
^Kef. 1, Section 6) for tropospheric refraction calibrations 
by comparing the solved-for spacecraft state using slightly 
tlifferent refraction models. The results clearly indicate 
the decreasing error with increasing data arc. Similar 
inve.stigations are currently underway for charged-particle 
and timing effects. \Miat is reahy needed, however, is a 
technique f f> show why this should happen. 

The so-called "C function” approach currently being 
applied to this and a number of other data-selection-effect 
problems at JPL may provide new insight into the reason. 
The concept is basically quite simple. The classical least- 
squares eslimalion formu’ \ is 

dx = (A^WA)'^ A^W (o-c) = C (o-c) (8) 

where 

X = the vector of n solved-for parameters 

c = an m vector of computed values of the actual data, 
whose observed values are o 

W » an m X m weighting matrix 

A » the m X 11 matrix of partial derivatives dc/dx 

The various rows of C are called the C functions, each of 
which indicates the sensitivity of that particular param- 
eter to the individual data points. The functions obviously 
depend on the numbe listribiition, and weighting of the 
data, as well as on th > particular parameter set being 
estimated. Because the total adjustment to a given param- 
eter value is given by the dot product of its C function 
with the re.sidual vector, o *c, the more the residual sig- 
natures resemble the function, the larger the parameter 
change. 

Althou^ the technique has not yet been applied to 
Mariner 9 data, there are plans to do so. Hopefully, it will 
then be possible to better understand the sensitivity c( 
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solutions to Jala arc length, parameter sets, and data 
weighting, and thereby to develop better OD strategies for 
future missions. 

2. Status of short arcs. In view of (he decreased sensi- 
tivity of long arcs to ESLEs, it is reasonable to ask why 
ESLEs are of so much concern, and why not simply 
process long arcs of data and reduce the TSAC effort. 
From the mission operations and OD standpoint, there 
are two reasons: 

(1) More tracking support is reijuired if a long arc is 
carefully monitored than if a short arc is intensely 
covered. 

(2) Projects often require spacecraft events close to 
encounter which militate against long-arc fits. The 
Viking Project, for example, wishes to make a final 
midcoiir.se maneuver as late as MOI — 10 days. 

F. Estimating Station Locations in Flight 

Total dependence on pre-computed '‘absolute” station 
locations to fly a mission may jastifiably cieale an uneasy 
feeling. As mentioned before, the "absolute” locations were 
obtained with the full benefit of the most and best media 
calibrations available. Such plentiful data are seldom 
available in real time so that, even if the "absolute” sta- 
tion locations were the true ones, they would not be com- 
patible with the data because there would be no way to 
remove the media effects. 

The timing and polar motion calibrations are obtained 
by fitting polynomials to raw (and usually noisy) data. As 
each new day's data are introduced, the computed poly- 
nomials change, with reverberations that may extend as 
far back as three to four weeks in the previous tracking 
data. The end of the data span (i.e., today, when daily 
updates are received) has more than likely the least well- 
known calibrations of any time up to the present. With a 
short arc, near encounter but not close enough to sense 
the planet, bad timing maps directly into the derived 
right ascension of the probe. 

The planetary ephemeris in use at the time was proba- 
bly the basis for the "absolute** station locations, which 
makes the station location errors highly correlated with 
the ephemeris erron. In particular, station locations are 
dependent upon the characteristics of the given ephemeris 
fmr Venus, the barycenter, and Mars at earlier epochs than 
the one now in question. Whether die possible earlier 
errors will map sfanilarly to the present time is unknown. 


In the presence of all these uncertainties, only one thing 
is sure: if, in fact, the true station locations were available 
but one of these other (»rrors were present, :i signature 
would arise in the data which, if the choice of data arc 
and solution parameter set were unlucky, would at a 
critical time be disastrously absorbed in the state. It 
would be better, then, to use the incorrect station loca- 
tion that compensated for this effect. This is the rationale 
for estimating station locations in flight. Such reasoning 
was ns(*d during the 1969 and Mars missions, not so much 
as the .ipproved stialeg> but as a means to detect the 
oth(*r errors. Other means were sought to a\ oid the prob- 
l(‘ms caused by such errors, it they were* present, and 
solutions that included station locations were to be list'd 
onl\ as a last resort. The hesitation comes because moving 
station locations to compensate for other errors caii pos- 
sibly create more problems than it solves. Stvitfon locations 
will pick up liming, ix)lar motion, ephemeris. and neutral 
and charged -particle effects; but they also tan behave in 
a most pcrMtliar manner when unmodcled gas leaks art 
present. For a single spacecraft, moving station locations 
may be justifiable, but for a dual-spacecraft mission like 
Mariner Mars 1969, it gives absolutely no indication of 
what the true errors actually were, and there is no recourse 
but to do the same for the second spacecraft. 

It might be believed that the types of ESLEs acting 
during a mission could be understood by solving for sta- 
tion location.s in an academic fashion during cruise, when 
no harm can result. A study of this belief was made during 
the 1971 rni.ssion. both on the Mariner 9 data and on 
data from previous missions. For Mariner 9, it was neces- 
sary to wait until after encounter to grade the experiment, 
but with Mariners 4, 5, and 6, the long-arc cruise results 
were compared directly with the short-arc encounter solu- 
tions used in the generation of LS35. Only Mariner 9 gave 
cruise solutions comparable to those from post-flight 
encounter analysis. Continued research on this problem is 
needed. 

V. Attitude Control Leaks 

A. Introduction 

This section discusses the gas-leak problem which oc- 
curred during the interplanetary portion of the flight 
operations. The gas leaks occasioned the use of special 
pre-flight strategies and the design of new ones on-line. 
They also warranted considerable post-fli^t analysis. 
Three separate approaches were used in the post-fU^t 
analysis. The first involves the determination of leak mag- 
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nitiuU's from onj^inooring tdometry to include this infor- 
mation in the tnijeetory acceleration model. The second 
4*pproaih attempts to use setpiential tilterinj^ technujiies to 
overcome tlu* deleterious effects of the leaks. The third 
approach differenct‘s two- from thret»-way donpler taken 
simultaneously at different stations, thereby eliminating 
the unmodcled at celerations common to both data t>pes. 
Continued development of all of these approaches will 
hopt'fully give independent and. therefore, redundant 
means to deal with this problem on future missions. Be- 
cau.se the real-time response to this prol)!em was discussed 
in Sections Ill-C and Ill-K. the discussion here conc'cn- 
trates on the post-flight developments in these three areas. 

B. Determination of Accelerations Induced by Gas 
Leaks From Attitude Control Telemetry 

1. Background. The Mariner 9 spacecraft was attitude- 
stabilized by a system vvbirb consists of Sun and Canopus 
sensors and coupled pitch, roll, and yaw gas jets. The 
pitch and yaw jots were aligned perpendicular to the 
plane of the solar panels, but the roll jets were in the plane 
and canted by 21 deg to keep the jet plumes from im- 
pinging on the panels (see Fig. 16). 

In September 1971. the roll jet on the ~\-axis began 
to de\elop occasional leaks. Thi'st* leaks are believed to 
lia\*e l)cen caused by particles from an eroding \ alve stem 
which were caught in the val\ e during the closing of a 
normal firing. The valve remained ajar until the space- 
craft fired that jet again, and the particles were then 
presumably blown awa\'. The jet ^vould fire when the 
acceleration from the leak diminished sufficiently (l>ecause 
of crushing of the particle) for the spacecraft to swing to 
that side of the deadband, or when ground action was 
taken to switch the spact'craft from celestial to inertial 
reference. The leaks produced spacecraft accelerations 
with magnitudes above 10’^* km/s®. 

The leak magnitudes and duration times were calculated 
from telemetered data of the time history of the limit 
cycle position error signals from the Sun and Canopus 
sensors. Given the moments of inertia of the spacecraft, 
the sensor data can be translated into the rotational time 
history. The fact that the center of mass of the spacecraft 
did not lie in the plane of the solar panek meant that gas 
leaks from one roll jet would produce torques about all 
three axes. Hence, when the roll jet leaked, slight rotations 
also occurred in pitch and yaw, thus eliminating the 
ambiguity in the determination of the leaking jet and 
enabling computatiem of the resulting acceleration direc- 


tions. the roll jets were v.mti'd 21 d(‘g, conv 

poiit'iils ol avct'iculion occunrd in both the ]>ili‘b and 
^ aw dinx-tioiis 

2. Dciisafhm of tlmist inagniltides. Figure 16 will faHl- 
itate nnd<Tstanding how h ik thrust tnagnitndos are de- 
ii\i\l from the telcMnetrv data. The parts labt'h'd a, b. c, 
and d are the four roll-axis attitude eontrt)! thrusters. The 
.uTows at tlu' i(‘nter of mass indicate tlu* toixpu's resulting 
from It'aks in the jet labeh'd a. Tlu‘ arrows at the jet iiuli- 
eate the eompoiu‘nts of the translative force. The di.stanee 
(> IS tlu' offset ol tl'.e ecMiter of mass Irtun tlu‘ etaiter of the 
roll-axi . jet couple. The distance m is tlu‘ moment arm 
for llu» torque around the roll axis. Table 25 shows what 
torcpies would be caused about eacii axis by a leak in any 
of the jets. \ right-hand coordinate system is assumed, 
and tonpu's which <*ause a counterclockwise (CC'W ) rota- 
tion of the spacecraft as viewed by an observer at the 
“end” of a positive axis are defined to Ive positive. 

Attitude control was maintained by a negative feedback 
sxstian whose inputs were voltage signals derived from 
sensors directed at the Sun and at the star Canopus. The 
output of these sensors was proportional to the angular 
separation between the null point of the sensor and the 
nTerence celestial object. The output was sampled at 
approximately 4.2-s internals, digitally encoded, and re- 
turned to Earth as part of the engineering telemetry. 

Figure 17 is a plot of the sensor telemetry data for each 
of the three axes over a typical time span of 3 h. The 
ordinate is raw telemetry units or data numbers (DN), 
which are e<|uivalent to approximately 0.27 mrad/unit 
for the pitch and yaw axes and 0.52 mrad/unit for roll. 
T1 h‘ scales cover about 0.5 deg for each axis. 

To facilitate the analysis, so that preliminary reduc- 
tioivs could he performed and the results evaluated, the 
following assumptions were made about the spacecraft 
motion: 

(1) The s(>acecraft acvrleration around any axis of rota- 
tion could be treated as a constant between two 
suix^ssive jet firings. (This docs not necessarily 
mean two successive firings from the same jet.) 
Thus, the motion between firings could be repre- 
sented by a quadratic of the form: 

Q-n. + -t + -y (9) 
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where 


Imei>ioii oJ tlie roll-a^is eifuation gave 


n = angular position of spacecraft at time T 

Oo = angular position of spacecraft at ?ar!iei fir- 
ing T„ 

<11 = angular \ elocity of spacecraft 

< = r - To 

<I> = angular acceleration of spacecraft 

Figure 17 shows the (|uadratic fit to each of the 
data arcs as a solid line. 

This assumption appears to be reasonable inasmuch 
as the leaks typically lasted for several hours, 
whereas the duration betwt^en firings was on the 
order of a few minutes. 

(2) Initially, the torques for any roll axis leak were 
approximated bv the expression 

Ti = (di In (10) 


m eos 21 deg 

for the thrust magnitude. Examination of the sigma 

** » • *.i »T* I I rtr -.,1,1 

01 toy iliKl iiij. Ill iiifii wilii itiOK 

indicate which jet was leaking and hence give the 
thrust din'ction. 

Tlu' rigorous (equations for the rotational dynamics 
are 

Tr — / ” <«>j/i'». (/(/(/ “■ 

Tp — “ *'*;<“ j- (/;; ■“ //r) (13) 

T; ” ( / /r “ ^ 

which, because of the nonequality of the diagonal 
terms of the inertia matrix, will not agree with Eq. 
(10) for each arc. The values of t from Eq. (10) 
would be ex|>ected to fluctuate by some ±At 
around the true value. Fortunately, the average t 
appears to be generally quite close to the true t, so 
that the results to date are credible. 


where 


T* » torque about ith axis 

i as angular acceleration about ith axis 

Jh « diagonal term of inertia matrix correspond- 
ing to ith axis 

This led to the equations 


«,/„ » ±Tm cos 21 deg 
* dbTO sin 21 deg 
««/«# “ ±TO coi 21 deg 


(11) 


where 


T « thnist due to leak 

■■ angular accelerations in roll, yaw, and 
pitch, respectively 

m “ moment arm of roll }et couple 

O > offset ot center of mass from center of 
roll jet couple 


3. Fitting the lelemetiy data. The process used to break 
the telemetry data into discrete arcs and to compute the 
angular acceleration over each arc was as follow's: An 
arbitrary time span of 63 s (15 data points) was least- 
squares fit with a quadratic polynomial. This polynomial 
was then extrapolated forward until an arbitrary number 
of data points, 15, differed by more than a specified 
tolerance from the extrapolated curve. Any new' points 
were then added, and the curve refit until a stage was 
reached where 15 consecutive points lay outside of toler- 
ance. The arc was terminated at this point, and the process 
restarted. 

Figure 18 is a plot of the resulting angular accelerations 
from a sample period. The center bar in each box is the 
computed acceleration. The top and bottom of the box 
are the computed acceleration ± 1 9, where the sigmas are 
computed from the least-squares fit. The units of the plots 
are DN/s*, and the plots are on a folded log scale showing 
the values from + 10-* to 4- 10“^ and — !(!*• to — 10^, with 
values from — 10 " to + 10“* being shown as zero. 

As may be seen, the scatter between consecutive accel- 
eration values tends to be larger than the formal l-e sta- 
tistics. This is believed to be caused by cross-coupling 
between axes of the torque frcmi attitude control jet 
firings. Fct example, in the fourth arc ot pitch axis data 
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in Fi^. 17, thm* is an apparent discontinuity at a time 
which is coincident ith a jet firing in the roll axis. Here, 
ihe change in angular velocity in the pitch axis is large 
enough that the filler used was able to separate it. For 
slighth smaller ehangt's, tlu' filter is unable to discrimi- 
nate the angular velocity change as a separate delta and 
averages into the acceleration. A more sophisticated 
algorithm is being developed, which causes a firing on any 
axis to terminate the data arcs on both other axes. 

4. Locating and quantifying leaks. Figure 19 shows a 
plot similar to Fig. 18 but covering the period shown in 
Fig. 17. The acceleration in the roll axis and the coupling 
into the other two axes can he seen. The leak model pre- 
sented in Table 26 was prepared by scanning plots like 
these for the two months prior to MOI and recording the 
start and stop times and acceleration magnitudes of 
periods exhibiting a similar signature. Table 26 is repre- 
sented graphically in Fig. 20. 

Tlie spacecraft accelerations AAC, and aAC^ of Section 
III-D were obtained by 

T sin 21 deg X 10^ 


(14) 

r cos 21 deg X 10^ 

aac, =- 

where 

M ^ spacecraft mass, 995 kg 
T * thrust from leaking jet, given by Eq. (12) 

Here 

m “ 3.05 m, hi = 553 kg-m*, and m; * 2ac 
where 

a » quadratic term from data fits 
c ■ (0.0298 deg/DN) (0.017 rad/deg) 

5. Discussion. The basic analytical concepts described 
above arc not particularly new. They are discussed in 
Section IV-D of Part 1 of Ref. 18 and have received addi- 
tional study in Ref. 17. The Mariner 0 analysis, however, 
has developed some basic software whtdi can be used on 
future missions to provide near-real-time determinations 
ot thrust magnitu^ Such programs will relieve die 
drudgery of visual inspection and manual computation of 


these ace(4erations, which required a significant use of 
manpower for Mariner Mars 1971. Coordination of these 
efforts with the attitude control personnel will enable 
routine d(‘t(Tininations ol spacecraft moments of inertia 
from flight data. 

Continued study is necessary to determine the uncer- 
tainties assiu'iated with tliese estimaies .uid to ob.tain 
reliable values for the long-term “constant * leak men- 
ti()iu‘d earlier. 

C. Use of Advanced Filtering *rechniques 

1. Background. The OD filters that have been used in 
navigating past interplanetary missions are fundamentally 
t qui\a!ent to the well-known least-stjiiares methods de- 
veloj)ed by Gauss more than 100 years ago. Tliese tradi- 
tional methods have been retained despite the consid- 
erable theoretical and practical filter developments of the 
past decade. Theoretically anti(|uated, the least-.sqnares 
filter lias nev(*rtheless proven to be a simple yet accurate 
means for providing intei planetar)* orbit estimates, largely 
because of the accuracy of the dynamic mo<lels of inter- 
planetary ballistic spacecraft motion. However, the in- 
creased accuracy recjiiirements for radio OD and the 
availability of progre.ssively more accurate radio mea- 
suremtmts are making even the current models inadt^quate. 
Tl)e principal errors arise from unmodeled small forces 
caused by spacecraft attitude control and propulsion sys- 
tem leaks, and inismodeled solar radiation pressure. The 
direct effect of these unaccounted-for forces on the c*om- 
puted trajectory is u.sually small, but they ran severely 
limit the capability to solve for the orbit using Earth-based 
radio measurements. Fortunately, the advanced filtering 
methods developed by Kalman and others are well suited 
for these dynamic systems influenced by dynamic model 
errors. 

As slateil in Section IV-B, accurate OD estimates rely 
on the stability of the range rate and/or range measure- 
ments over a 12-h period. For example, a 3-m error in a 
tracking station coordinate produces a daily oscillating 
range change as large as 6 m. Similar range changes can 
arise over 12 h bec*ause of the accumulated effect of 
unmodeled spacecraft accelerations as small as 6 X 10 
km/s^ 

Because of the random nature of the spacecraft accel- 
eration errors, the advanced filtering fechniqites can, to 
some degree, distinguish their effect fixrni the station 
location errors which so strongly affect the orbit estimates. 
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2. OD filter algorithms (Ref. 18). Consider a spacecraft 
with cartesian position and velocity vectors X. V, respec- 
tively. The spacecraft motion is repiesemed in terms of a 
system of differential equations; 

X « V 

V = C(X) + t > L 
X(t„) = X„ 

V(t..) = V„ 

where G(X) represents gravitational accelerations and u(t) 
represents spacecraft acceleration errors. The spacecraft 
motion is observed via data equations; 

Z(t.) = F(X.V,t.) + €{t.) for i » 1. • • •. N 

(16) 

where F(X,V,t) expre.sses observables h'ke doppler and 
range in terms of the spacecraft statt. 1 he c(0 represents 
data errors. 

Analytical procedures for data filtering (i.e., estimating 
X and V from the data sequence in Eq. 16) usually rely on 
linearized forms of Eqs. (15) and (16). These involve the 
linearized state x(t) given by 



where '!>(/. s' is the slate transition matri.x for x obtained 
from a variational analysis of Eq. (15) for the rominal 
trajectory X* and V*. 

The |)roblem in orbit determination is to estimate x(t), 
given z(t,). for t, < t. If u(t) = 0, or f-an be represented 
in terms of a limited number of parameters, then estimat- 
ing x(f) reduces to estimating x. and the u-parameters. 
i.e.. a set of fixed quantities, 'f'he problem can be solved 
with conventional least-squares or ‘batch” filtering algo- 
rithms However, if u(f' is too complex in structure to 
permit representation by a limited set of parameters, an 
alternate approach is required. 

It is asstimeil, then, that u(t) can be represented as a 
piecewise constant function; i.e . for a sequence of break 
times Ti, • • T„, u(t) satisfies 

u(f) = u»if T» < < < n + l.k » 1. • •*..'/ (21) 

where u* (k = !,•••, A/) is a sequence of constant vectors. 
The linearized system can then ^ recast into a sequential 
form as follows; 

X* » x(T*) (22) 

and 



and the observables • • (Z — Z*). Here X* and V* are where 
nominal spacecraft position and velocity functions, chosen 
(by iteration jMOcedures) to ensure that the following rela* 
tionships are approximated to a sufficient degree: 


i(0 « «(f.l.)i* j ♦(f.#)u(*)ds 




•(fi) ■ A(fi.«.)x. + 


jr> 


Here 


3P(() 


( 18 ) 


(») 


Then 


where 


r» < fc, <»*,••• T»*, 


«»*. - *(T».,.T»)*» + r(T„„r,)u» (24) 


f)u(f) *+•(»•) (19) 


fTt.i 

Itra...T*)- / < 

JTu 




InaddMon 


n « Asik Asm 4' <1 


( 95 ) 


(») 



where 



The above systeia of equations is refened to as the 
batch sequential filter model. The dynamical systems 
associated with OD are, typically, slowly varying with 
respect to data rate, which means that the batches can 
contain many data ])oints. This is the prime motivation 
for the batch sequential form: allowing improved filter 
models without sustaining the decrease in data>processing 
efficiency associated with a '‘point sequential” model, for 
which each batch break time is an observation time. 


Algorithms for constructing an estimate of xt, given i/ 
for / « 1, • • •, k, isually require specification of a priori 
quantities: 

(1) Initial state a priori: 

(2) Data noise 0 priori: 

••••»# 

(3) Aoodeiutioa error (praoess noise) o priori: 

These quantities, along with tte betdi structuro T|,* ■ *. 
Tm, can be considered as die design paramelen for fhe 
sequential filter. Additknally. there exist several options 


for treating the acceleration error sequence un. In the 
following application, the Uj’.s are not directly estimated 
hut an- accounted for in the mapping equation (Kq. 24). 


3. Data used in the filter evaluation. The data span 
used in the filter e' aluation was the intermediate arc 
mentioned in Section III-E, which began at 06 h UTC on 
October 4, 1971, and continued to MOl — 6 h. 

Two sets of station Icxations were used. Set 1 was LS36 
(see Section IV-D). Set 2 was obtained by post-flight 
processing of the last seven days of the Mariner 9 cruise 
data. The primary difference between the values of the 
two sets is the 7-m longitude difference mentioned in 
Section III-I. 


Solutions were obtained by both including and exclud- 
ing the leak acceleration model of Table 26 in the space- 
craft equations of motion. 


4. Batch filter results. Figure 21^11ustrate^the history 
of batch processed estimates of B*T and B*R as a func- 
tion of the time of the last data point proces.sed (in days 
past October 4). The last solution, for day 41, includes 
data to No\'(*mber 13, 18 h. Because station location Set 1 
was usc‘d in the observable model and no acceleration 
model was included in the (>quations of motion, this figure 
represents a conservative, realistic solution history. 

Most of the movement of the solution, as more data are 
included in the processing, is in the B*n direction. The 
lack of orbit bending pernendicular to the ecliptic plane 
makes the solution for B*n prone to station location and 
acceleration errors, with sensitivities that fluctuate in 
magnitude as data are added to the span. This large 
sensitivity is also illustrated by Fig. 22, in which the 
B-plane parameters of the batch solution at November 6. 
06 h. are compared to the current best estimate. A 
dispersion ellipse for each value is also presented. The 
size of the dispersion ellipse at November 6 is due pri* 
marily to the ephemeris-error-associated station locatioo 
uncertainties of 7 m in A and 3 m in r«. The encounter 
solution ellipse (data to MOI— 45 min) is due primarily to 
Mars ephemeris uncertainties. 

Becatm the salient sohithm briiavior obviously lies in 
the B*B direction, the remaining solution time histories 
presented wffl iOuatraie diat coordinate only, figure 23 
gives die B*R ndutions as a (unction of die time of die last 
processed data point using station location Set 1, with and 



without thi‘ accrUTation model (AAC) oi Table 2H. \\ hen 
the first leak of this data arc occurs on October 25. the 
" dill ions separatt'. the solution without the A/\C model 
tends toward a larger B*R error, while the solutio n con- 
taining th(' SAC model improves and remains more 
accurate for the deration of the approach. 

Figure 24 illustrates a similar solution history for 
station location Set 2. The solutions are shifted from the 
Set I solutions in the — B*R direction In* approximately 
200 km, whk h decreases the total error, and supports the 
conclusion that the ' allies of the station IcKations deter- 
mim'd for Mariner 9 (Set 2^ are naturally more consistent 
with the Mars ephemeris in 1971 than the Mariner 6 (Set 1) 
v.dues. Again with Set 2, as with Set 1. inclusion of the 
SAC model deterinim»d b\ the engineering data results 
in a more accurate solution after the start of the giis leaks. 

The batch solutions all have a characteristic sensitivity 
to the '.allies of the station locations and of the random 
.iccelerations. Station Iwation differences between Set 1 
and Set 2 (7 m in A, and 3 m in rj map to a 200-km differ- 
i*nce in B-t for data taken to November 6. Tlie AAC-in. 
AAC-out difference in the liquations of motion results in a 
B“fi change of more than 150 km with either station loca- 
tion set. A batch solution with the AAC includtid and 
using Set 2 naturally is more accurate than the other 
solutions. However, the rapid solution improvement 
shortly after inclusion of the data in the vicinity of the 
first gas leak (October 25) is not predictable from the 
sensitivity analysis perLormed to date. The time history 
of perturbations in the solution of B*n l>ecause of 
+7-m A and +3-m r, errors in all of the tracking stations 
is given in Fig. 25. Although the drop in sensitivity to 
spin axis on October 16 can explain the rapid solution 
change in Fig. 21 on or around October 16, no such 
sensitivity change is evident in Fig. 25 near October 25. 
Thus, either the estimate is strongly sensitive to some 
naodel parameter other than the station location, or the 
value for the leak magnitude is strongly overmodeled. 
This problem has not yet been resolved and is currently 
under study. 

S. Saquenlial ffliar results. The sequential filter used 
for comparison processes successive batches IS h in dura- 
tion. While processing eadi batdi of data, the constraints 
imposed on the state sedution by the data in previous 
batches are loosened by the ad^km of instantaneous 
‘^proces s noise* on the velocltiai at the begbming of the 
iMtdi (SecUoo V-B). Hie magnitude of dihi degrading AV 
is determined by integraUng the values of an assumed 


constant acci'lcralion o\cr the l8-h diiralioii of the pre- 
\ions batch. Three magnitudes of assumed accelerations 
wen' considered in this study: 10 '' km/s^ 10 '' km/s^ 
and 10 * ' km/s‘. The values of instantaneous process noise 
are computed oii the basis the.so acceleration levels. 

Figure 26 presents the B*R solution time history for 
the sequential filter constructed with AV process noise 
corresponding to an acceleration error of 10 km/s^. 
Station location Set 1 is employed in the observable model, 
and curves for AAr-in and AAC-out are shown. Figure 27 
illustrates the same se(iuential filitr results for station 
location Set 2. 

The ditferences belwei'n the AAC-in and AAC-out solu- 
tions appear much smaller for the sequential^processor 
than for the hatch. The final difference in B*R for both 
station Iwation ,sets is only a few kilometers. Thus, the 
10 km/s* I'rocess noise appi'ars to decreu.se markedi) 
the sensitivities of the solutions to the presence or absence 
of the gas leak model. In addition, the solution.^ are 
brought closer to the current best estimate by the addition 
of proce.ss noise into the filter, and they are within 50 km 
for the Set 2 station locations. The trend continues as the 
process noise is increased to correspond to accelerations of 
10 ** km/s% as shown in Figs. 2S and 29. The aAC model 
has little effect on the solutk » behavior, and solutions 
are more accurate than those with the smaller values of 
process noise. 

The sensitivities of the sequential filter solutions to 
correIal''d station location errors are presented in Fig. 30 
and are seen by comparison with Fig. 25 to have been 
decreased by the addition of 10~*'-km/s* process noise. 
These smalls sensitivities are consistent with the smaller 
absolute B*R errors occurring with the sequential pro- 
cessors. 

6. Conduskms. The results presented in Sectkms V-B-4 
and V-B-5 are summarized in Fig. 31 wherein the B-pIane 
solutions with data up to November 6 are shown for the 
batch (B) and sequential filters (St, S,, S,), with process 
noise values representing acceleration errors of 10**b 
and ksn/sb respectively. Both Set 1 and Set 2 results 
are shown, with the AAC-in and AAC-out sohitioos repre- 
sented by the heads and tails of the arrows, respectively. 

Hie following conchiskHis can he drawn: 

(1) Hie sohtlkms from the sequential filter are markedly 
improved over the batch wckatkm. The sensitivity 
to the aAC modd is t^ntficantly cUmiiiislied, tidl* 



eating that the seqii?ntial filter does “filter out" the 
effects of random gas leaks. 

(2^ The sequential filter alleviates the effects of sKition 
location errors during the approach phase of 
the mission. A comparison of the sensitivity analysis 
plots in Figs. 25 and 30 bears this out. The phe 
nomonon may ver>* possibly be peculiar to the 
Mariner 9 geometr> and tracking pattei.i and may 
not occur generally. 

(3) The sequential filters appear to perform better than 
the batch filter over a wide spread of process noise 
magnitude assumptions (10 *® to 10 ** km/s*); 
hence, performance does not seem to be very sensi- 
tive to the user’s choice of process noise ^Iso, the 
times of the chosen batch separation points do not 
coincide with the times of gas leaks. Tbas, the filter 
behavior is probably not significantly degraded by 
the choice of any reasonable batch-break structure. 

D. Differenced Radiometric Data as a Countermeasure 
for the Process Noise Problem 

1. background. The process noise problem may be ad- 
dressed with the use of newly envisioned Earth-based 
radiometric data types that involve simultaneous or near- 
simultaneous tracking from widely separated stations. 
Simultaneous data by themselves will not help, but when 
they are used in a new data type formed by simply dif- 
fercixring the data taken at one station from simultaneous 
data taken at another station, the geocentric information, 
which has been corrupted by the process noise, can effec- 
tively be eliminated. The basic concepts are elaborated 
further in Ref. 13. 

Table 27 gives a brief description of how the basic 
doppler and range data types are formed. 


Although range data are also sensitive to oscillator fre- 
(jiiency instability, the primary error source for three-way 
range is asynchronization of the clocks at the transmitting 
and receiving stations. An epoch ♦ Tset Af between the 
clocks will cause a three-way range error equal to cAf, 
where c is the speed of light. For example, to reduce this 
range error to less than 1 m, it is necessar>' to ensure that 
the bias between ihe transmitter and receiver clock.s be 
less than 3 ns, which is extremely difficult, even with very 
long haselini interferometry (VLBI) te'^hniques. This dif- 
ficulty may be circumvented, however, because most of 
the information contained in simultaneous two-way and 
three-way range data may also be extracted from near- 
simultaneous two-way range, taken from the same stations. 
The primary difficulty associated with this technique is 
the modeling of the spacecraft motion so that range data 
taken at different times may be inte’^polated to a common 
time, as shown in Fig. 33. If Ap is the error in the com- 
puted topocentric range rate and T is the interval between 
near-simultaneous data points, the error in the difference 
between the interpolated range points will be Ap/. For 
example, if the topocentric range rate is known to ID” 
km/j, it is necessary to take two-way points ever>' 15 min 
to keep the range error under 1 m. 

2. Theoretical development. For a distant spacecraft, 
the two-way and three-way down links can be repre- 
sented by the same plane wave propagating toward the 
two receiving stations, which gives the differenced 
doppler observable the same form as the fringe rate of 
classical VLBI, viz.: 

F2-F3«r» - •Yf|COS8C0f(A|-tt) + Ar» + A/ 

(30) 

where 


As illustrated in Fig. 32, the transmitting and receiving 
stations may or may not be the same. If they are, the daU 
are called “two-way"; otherwise they are referred to as 
"three-way." The two-way data are inherently superior to 
tha three-way because, with two-way, the frequency 
standard (or dodc) used to generate (or time) the trans- 
mitted sipial is the same one used to analyae the received 
sig n a l Three-way doppler data have never been relied 
upon in interplanetary navigation because the differing 
stabilities of die ntbidhim oadllatow can prodr^ biases 
I in three-way daU as larfeas Mmm/s. T7e use of hydro- 

I gen masers win alleviate dwoadttalor Instability proUei^ 
j and make it possible to nse dwee-way doppler. 

J ■ 


r, > baseline projection on equatorial plane 

X» * baseline longitude (defined below) 

» B Earth rotation rate 

A * srevelengtb of received radio wave 

e,l ■ ascension and dedinatioo of spacecraft 

A»ii ■ error caused by trassmi^sioo media 

A/ ■ frequency offset between two frequency stai>> 
dar^ at twostatkm 

m, Tic iiwi CAi ■owr msit 


These quasi-very-long-baseline interferometry (QVLBI) 
data give the right ascension and declination of the space- 
craft, provided that the frequency offset A/ and media 
noise Ai j/ can be well calibrated and the baseline param- 
eters u aiid Ah are well-determ*iied. One should note that 
the differenced data are sensitive directly to the baseline 
parameters, and only through them to the individual 
station coordinates. 


The relations betv een baseline parameters re,, Ae, and 
the station location parameters for stations 1 and 2 are 
as follows (see Fig. 34): 


r» = \/r* + —2r r cos AA. 

V a $ $ » 

1 2 12 

(31) 

A> = A, + 5 

(32) 

where 


AA = Aj - A, 

(33) 

and 


r$, ~ r$. cos AA 

. y, * * 

sm 5 — 

sin AA 
cos ^ = — 

(34) 

For the ca^e when 


II 

(35) 

The z component of the baseline vector, which does not 
appear in the equation for v, is related to the z components 
of the two stations by 

Zj — Zj — Z 2 

(38) 

Equation (30) can also be derived by directly differencing 
the Hamilton-Melboume (Ref. 7) expressions for the 
simultaneous two-way and three-way doppler 

pt^r + <.r,jC0stsin4.(( — t,) 

Aa cos 8 cos •(! — #,) -h AN, 

(37) 

^ » f + of., cos 8 sin*(l — it) 

(38) 


COS 8 COS - <t) + aNj 


and expressing the station location quantities in terms of 
baseline vector parameters to give 

Aa cos 8 sin — fft) 

(39) 

— uifi, cos 8 cos 0 ){t — fh) 

where a = aNj — aN., the errors caused by frequency 
offsets, transmission media, etc, 

3. Description of the experiment/* The latter part of the 
cruise phase of Mariner 9 provided an opportunity for 
experimental verification of the differenced doppler track- 
ing technique. Hydrogen masers provided by Goddard 
Space Flight Center had been installed at DSSs 12 and 41, 
which had a 4-h overlap of their view periods. The space- 
craft had been experiencing gas leaks, which would make 
the results an excellent test of the scheme. Consequently, 
permission was obtained to extend the coverage by DSSs 
12 and 41 to track throughout their mutual view period on 
16 days during the period October 4 to November 14, 1971. 

The DSN was requested to perform the handover (re- 
assignment of transmitters) at the center of the overlap, 
so that equal amounts of three-way data could be ob- 
tained from both stations. This request could not always 
be met because it was often necessary to have command 
capability from Goldstone until DSS 12 set. As a result, 
only four handovers were executed in the center of the 
overlap. 

The F2 and F3 data obtained at DSS 12 and DSS 41 
during the experiment were specially compressed to 
synchronize their timetags while maximizing the number 
of usable points. This gave count times which varied from 
2 to 10 min. All F2 data were deleted except for those in 
llie common view period (called the overlap set) and those 
within % h of the adjacent meridian passages (Fig. 35). 
The distribution of the differenced data is shown in 
Fig. 36, while the toi«i! count appears in Table 28. 

The ODP was not designed for differenced data types, 
so auxiliary programs were written to difference the data 
anJ compute partial derivatives for the baseline param- 
eters and frequency biases. 

In the initial stages of data analysis, the ODP was used 
with a trajectory which had been corrected for gas leaks. 
The F2-onIy solutions were so close to the current best 
estimate that there was little hope of improvement when 


more detailed discussion of the experiment and its findings ap- 
pears iu Ref. 10. 
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three-way data were added. Consequently, a trajectory 
which ignored the gas leaks was used, so that improve- 
ments obtained b) employing tvvo-stiition doppler could 
show the advantages of this technique if the occurrence of 
gas leaks could not be well-determined or their magni- 
tudes were highly uncertain. 

All of the analysis was performed after the flight. The 
method used was to process the data as though any gas 
leaks were unknown and to compare results using various 
combinations of four data types (F2, P'S, P'3— F2, and 
\fU). It was assumed that some F2, F3, or MU data were 
needed to establish the geocentric orbit, but a way had 
to be found to weight the data to give only as much geo- 
centric information as necessary to avoid the process noise 
problems. Some criteria had to be eloped for judging 
the quality of the results, because they showed the typical 
intermediate-arc dispersions o^ 100-200 km in B*^. 

•Some difficulties were expected in the analysis because 
the area was new. The majority of these were software or 
operational problems, for which remedies have been or 
are being found. The greatest difficulty occurred in 
attempts to eliminate the frequency biases. 

Even though the expected fiequency biases using the 
hydrogen masers were about 0.003 Hz, they still could be 
seen in the data and had to be removed one way or 
another. Analysis of the instrument calibration data 
showed that the uncertainty in the determination of the 
clock drifts (which cause the biases) w^as much larger than 
the magnitude of the drifts themselves, which seemed to 
indicate that those measurements could not be used to 
model the biases. The only recourse was to estimate the 
biases in the ODP. There were some constraints that could 
be applied, how’ever. The exceptional stability of the 
masers would suggest slowly varying biases, if any, al- 
though short period (8-h) changes might be induced from 
other portions of the tracking system, like the synthesizer. 
For analysis purposes, the biases were assumed to be 
constant over any pass from a given station. When there 
was a handover from one station to the other, the biases 
for the two station we* e assumed to be equal in magnitude 
but opposite in sign. Highly correlated a pHort covariances 
were also used to constrain biases in consecutive passes 
from the same station not to change by more than 0.003 Hz. 

The following criteria were established for judging the 
credibility of the solved-for bias values: 

(1) They should be invariant with data weight and 
parameter set. 


(2; They should be less than 0.01 Hz and lx* '^airly con- 
stant over the 40-day span. 

(3) They should be consistent with the residuals w'hen 
the differenced doppler was not included in the 
solution. 

4. Discussion of results. 

a. F2 (lata only. Two different nominal trajectories, with 
and without gas leak corrections, were used to process the 
F2 data described earlit^r, giving the results .shown in 
Fig. 37. The solutions based on the trajectory with gas 
leak correction (case A-J) agreed better with the current 
best estimate than the other set (ca.se A'-J') without the 
corrections, and they w'ere not particularly sensitive to any 
parametens except solar pressure. The way solutions with- 
out gas leak calibrations spread out in the direction per- 
pendicular to B bears out the predicted sensitivity of 
station location and solar pressure solutions to gas leaks 
w'hen only F2 data are present. 

When all F2 data from DSSs 12 and 41 between 
October 4 and November 13 (2600 points) were included, 
the results based on the trajectory without leaks improved 
somewhat, but the solutions involving station locations, 
solar pressure, and GA/ of the Moon were still quite 
volatile. For example, when the GA/ of the Moon was not 
included in the solution, the longitude corrections became 
as large as 18 m. Thus, it was concluded that the observed 
sensitivity was not just a data selection effect but involved 
an inherent difficulty with the F2 data. 

The sigma used for weighting all the F2 data was 
0.045Hz for a 60-s count time. All data with elevation 
angles lower than 10 deg were deleted. The results of th« 
overlap set of F2 data processed without gas leak correc- 
tion were chosen as reference for later comparisons because 

(1) The set involved the same number of passes as were 
available for the F3 and F3— F2 data. 

(2) The set gave reasonable solutions for the various 
estimated parameters. 

(3) The at ^nce of gas leak correctioas provided an 
opportunity to prove the effectiveness of the dif* 
ferenced data. 

h. F2 and MU data. When 14 MU ranging points {^mv 
— ^0 m) were included with the truncated F2 data, the 
components of the errors were all decreased by 
50 km, into closer agreement with the current best esti- 
mate. Although the longitude at each station changed 2 m 
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Irom thf l'2'unly Nolnlioii, no ollu‘i paranu*tc‘iN tlian^ial 
signitu autK . Tho sproad ol ihost* rosiilts in llu‘ B-pl*nu* 
nulitatos that solutions imoKin^ statioii locations and 
GM ot tlu' Moon arc still allcrtc’d l>y tlu* i^as leaks, hut 
that the solar pressure parameters no lonj^er are as impor- 
tant hcTause eertam eoinponents ol the position ot th«* 
spaetvrall art* well delenniiK‘tl hy ranm* rlata. 

r. F2, 13, MV. Oiui* K3 points wen* included, tlu* lie- 
tpu‘iu\- ollset hetwivn the two station (locks trom the 
data had to he (‘Stimatcd. A tot*d of 2S hias paranu ters 
representing the frequency offset at each station on each 
day were added to tlie “soKe-for sets A through J. The 
results for tlu* hiast*s were di.scourajiin^ ht*eaust* they 
\aried with clumges in dat^i wc*iij;ht and sol\ e-for param- 
eters and wt*re not slowly varying as anticipated. The hias 
parameters were ahsorhing not only the frc(iuency offset, 
hut also all the constant biases oxer the pass hecaiise of 
process noise such as gas leaks, uncalihrated medium 
effects, etc. Unfortunately, there was no way to separate 
tliese phenomena. 

Table 29 selves to illustrate the \ariatiou seen hy sliow- 
mg results tor typical days. For example, on October 23, 
wlien the data (F2 and F3) were abnormally noisy be- 
cause of the spot ad ic gas leaks, the estimated wdue of 
the hias reached —9.2 mil/ at DSS 41, The values 
changed drastically from case J to case C, wheri*\ er sta- 
tion location parameters were estimated. 

The station locations remained essential!)' unchanged 
for DSS 12 hut, when the F3 data were tightly weighted, 
moved 2 m in r„ and 1.5 m in A at DSS 41, where most of 
the F3 data were taken. The inconsistency is probably 
related to the questionable results for the solved-for biases. 
The B-plane results were not noticeably different from 
those in the F2 and MU data set. 

(i F3 — F2. Differencing F2 from F3 data gave signifi- 
cantly cleaner residuals than either data type taken .sep- 
arately. Figure 38 shows the residuals of F2, F3, and 
F3— F2 during two relatively noisy passes on October 28 
and 29 and clearly indicates that the process noise which 
is common to both F2 and F3 data has been removed 
during the differencing. 

Solutions which contained only F3**F2 data were 
studied, but the six state parameters were highly corre- 
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lat(‘d lu't aust'ol tlu* poor g(‘oiiu‘tr\ fO\i‘rcd by this partic- 
ular arc. As meutioued (‘arlu*r, the (iiHt'U'ucing dt*str(>ys 
gi‘oc('utric range-rate mtormatum. lea\ mg only tlu* right 
aseeiisum and declinaliou ol the sp.uverall. As with elassi- 
eal astronoinii'.il ohsi*r\ ations. tlu* restriction to angular 
nuMsuu Hu nts (U iuauds longer aics or a lu-llei geome try 
todetermiiu* tlu* orbit. Thus, two-wa\ doppU'r and ranging 
data W (*re mtroUuei'd to resolve this prohh*m. 

V. FJ — F2, 12, (iiul MV. Once the geocentric inhuma- 
tion ^F2 .md MU) is iiuhided, tlu* indeterminaiuA of the 
orliit deeieases. Although about halt the correlations 
among tlu* state parameter are still above 0.9 when F2 and 
MU data art* included, the improved B-plane behavior 
sngg(‘sted that the pmhlein w as disappearing. Then were 
other eiieou raging results as well. Beeausc of the com- 
mt*nts made in Section V-D, the partial derivative.s with 
rt speet to hasi line parameters if, and Af, were inserted in 
jilace of those for station location parameters for the 
K3— F2 data. The estimated corrections to station loca- 
tiiuis provided hy the F2 and MU data are about —4 m in 
A and ^. 2 m in r^. The correction to Af, is also —4 in, hut 
Aff,, at 12 in, is larger than expected from the f, and A 
( hanges. This could he caused by the large a priori value 
used for r* (<Tr^ == 1 kin) and the relatively high correla- 
ti(Uis w ith the hias parameters (p ^ 0.7). 

There also was good repeatability of the estimated bias 
x alues for solutions with different data weights and esti- 
mated parameters. The ax erage magnitude of the esti- 
mated biases was about 4 mHz, and they were slowly 
xaiyiiig most of the time, xv' ch means that ihc earlier 
variations xvere, in fact, caused by absorption of process 
noise on a pass-by-pass bias. Tho B-plane solutions show 
significant improvement xvhen the differenced data are 
tightly weighted (Fig. 39). Among the solutions, cases A, 
B, and J coincide with one another, as do cases E, G, and 
II. This fact indicates that solutions based primarily upon 
differenced data xvith some F2 and MU are not sensitive 
to solar pressure, attitude control, GA/ Moon, GAf Mars, 
and ephenierides, which is to be expected since they all 
affect the geocentric motion. They are sensitive only to 
station locations and bas eline parameters. 

/. F3 — F2, ¥2, Solutions {avn V 2 0.002 Hz, ara ® 
0.011 Hz) without MU data were attempted, but they 
moved the B-plane results further away from the current 
best estimate. The residuals induced in F2 were far too 
large, and the station location changes were unreasonable. 
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VI. Radiomelric/Optical Navigation 

A. Introduction 

.Altlton^h tiu'ro was an nr.oilicial optical iia\ii^ati(m 
(lomonstration (OXl')) i^roiip (hiring tlu‘ Nfarinor Mars 
missiiMi th:»f nrrn ?i(»ar iwil-tinu' OH oNti:n;itos to 
tho Navigation Team (^hief dnrint^ tiu* 1971 mission. th<‘ 
ONI’) p(*rsoniU‘l were aelnally made a bona fide part of 
the Navigation TcMin, eontribntinji t(^ tlie pre-flight 
studies, partieipating in all the training and testing exer- 
eist's. and providing C^i) estimates that were considert'd in 
the strati'gies tinally adopted. 

This seetion diseusses tlu^ tise of optical data in com- 
bination w ith radiometric data to determine the Mariner 9 
approach orbit. The discussion includt's the basic T\' 
instrument and the information content and error sources 
in the various optical data. After a brief analysis of how 
the' optical and radio data complement eac'h other, it 
shows lunv pictures w'ere cliosen and processed in real 
time* to achieve the combined radio/optica! c'stimate. The 
discussion includes the sensitivity of the optical data to 
the number of stars per picture, the amount of TV dis- 
tortion, the availal)ility of a priori trajectory information, 
and the epiality of the \fars ephemcris. 

B. The Optical Data instrument 

The narrow-angle science television camera pro\ ided 
the optical navigation observations for Mariner 9, This 
device had a 5(X)-min focal length witli f/2.5 Schmidt- 
Cassegrain optics and a scleniiim-suUur vidicon tube wdth 
a 7 X 9 reseau grid. The electronics scanned a 9.6 X 
12.5-mm area on the vidicon target with 700 linos and 
832 pixels per line. The video intensity of eac h pixel was 
digitized to 9 hits. Each pixel, therefore, was defined by 
its pixel numWr (1 to 832), its line number (1 to 700), and 
its intensity (0 to 511). The active area of the vidicon 
target gave a 1.1 X 1.4-deg field of view with a pixel 
angular size of 6 arc sec. 

To allow sufficient time to read out and record a pic- 
ture, the camera could not be shuttered more often than 
once every 84 s. Exposure times could l>e changed by 
ground command from 0,006 to 6.144 s. enabling detection 
of stars as dim as ninth magnitude. 

C. Optical Data Errors 

Optical data errors are classified as instrument and 
model errors. Instrument errors include TV distortions, 
TV pointing errors, image center-finding errors, and 
random measurement errors. 


W diNloiliuu t'lToiN corrupt thi‘ relative geometry oi 
i'uagc s within a picture. 'riu*y are caused hy nominiform 
dclK'clion fk'lds which .>\\<*cp the chvtron rc*adout beam 
across the* vidicon target nonimiformly. TV distortion 
causers image* location errors in riw data of a few' pixels 
near tiu* cc!iti*r of the vidicon to tens of pixels near the 
edgc‘s of the vidicon. This distortion can he accuratelv 
modc’led as a sixth-order [h)Iv iiomi.d of the radial distance 
Irom the ernter ot tIu* v idic*on, as diseiissi*d in Ref. 20. 
Either rt*st*au or star images may be used to calibrate T\' 
distortion. Distortion from the optics is negligible. 

T\ pointing errors (i.e.. imperfect knowlc'dge of TV 
pointing directions at shutter time's) cause a global shift 
of all image's in a picture and also C'orriipt the relative 
image* ge*ometr\' within a picture bc'eause of the non- 
linearitv of the T\' distortion. These errors can lx* eliini- 
natc'd if stars with known directions are included in the 
picture. Preliminary estimates of the T\^ pointing direc- 
tion can 1 h' obtained from either reduced telemetry data 
or the desirc'tl (planned) TV |X)inting. U.sing the desired 
pointing direction gives errors of hundreds of pixels. 
PrcKessing teleinetr\' reduces errors hy an ordt'r of magni- 
tude and make's them random in nature from picture to 
picture. Star data fiirthc'r decrease them to the pixel level. 

Image center- finding errors result when finite-size 
images, such as those of Deimos and Phobos, are dealt 
with. Also, limit-cycle motion during exposure, diffraction 
in the optics, and blooming of saturated images i*oinbine 
to yield finite-size images. These random center-finding 
errors are of pixel or subpixel magnitude for Phobos and 
Deimos. Random measurement errors result from random 
cenkT-finding errors and T\^ lesulutioii. 

Model errors include .satellite ephemeris errors as well 
as planet gravity and spin-axis errors. Deimos and Phobos 
•heinerides were modeled by a first-order analytic theory 
kT. 21). For Mariner 9, the effects of these model errors 
w ere minimized by including Deimos and Phobos orbital 
elements and the GM and spin-axis direction of Man as 
estimated parameters. 

0. Optical Data Types md Their information 
Content 

The optical navigation observables were the image loca* 
tions (pixel and line numbers) of Deimos, Phobos, stars, 
and reseaux. Figure 40 shows an approach picture con- 
taining the images of Deimos, ten stars of magnitude 3,9 to 
9.2, and the 7 X 9 reseau grid. Stray light from Mars is 
seen in the lower left portion of the picture. The picture 
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was enhanced to bring out the dim images. Figure 41 is 
a computer-drawn version of the predicted picture, which 
is used to distinguish the star pattern from noise or '/idicon 
blemishes. 

Reseau images were used during the nnssiuii to com- 
pute the coefficients of the sixth-order TV distortion poly- 
nomial to subpixel accuracy. During post-flight analysis, 
star images were used instead of reseaux to yield equally 
accurate calibrations. The reseau data used for real-time 
operations and a majority of post-flight evaluation were 
obtained from pictures taken about a month before orbit 
insertion. With the TV distortion being stable to pixel 
level, no additional reseau data were processed during 
Mars approach. The star and reseau data were indepen- 
dent of the spacecraft trajectory for this application and 
could be processed either separately or as the satellite 
data were being reduced. 

Star images were used to compute the TV pointing 
direction to an accuracy commensurate with the TV 
angular resolution of 3"0, 1 <r. Star directions, accurate to 
V!0, were assumed to be perfectly known. 

The satellite images contained information on satellite 
ephemerides, the spacecraft trajectory, and the Mars GM 
and spin- axis direction. 


E. Advantages of Combined Radiometric and 
Optical Data Sets 

Solutions which use a combination of radiometric and 
optical data are of particular value during planetary 
approach because these data types complement one 
another. The primary error sources prior to encounter in 
solutions using only radiometric data are target planet 
ephemeris errors, station location errors, and nongravita- 
tional accelerations. Optical data are insensitive to these 
errors because the data directly relate the planet and 
spacecraft positions. On the other hand, optical data suffer 
from the inability to determine accurately the time of 
flif^t and velocity (V«) of the spacecraft, quantities which 
are well determined by radiometric data. Hence, the com- 
bination of radiometric and optical data yields extremely 
accurate solutions. In particular, they may be combined to 
give a good estimate of encounter conditions much earlier 
than eidier data type taken separateh/. This is of primary 
importance if an additional corrective maneuver is con- 
templated. This subseetkm presenti a simpfe analysis 
illustrating why combined solutions are so powerful. 


Regardless of whether the optical observation is of the 
planet’s limb or its natural satellites, basically, an attempt 
is made to measure the angle between the planet center of 
mass and a reference direction, e.g., a star direction. For 
the purpose of this analysis, the error in this angular mea- 
surement represents the total from all sources, such as 
center-finding errors, satellite ephemeris errors, biases, and 
camera pointing errors, all of which effectively degrade 
the observed angle. 

Assume that the spacecraft is moving on trajectory 1 
(Fig. 42). Let 6i and $2 represent two angular measure- 
ments of the direction between the reference star and the 
center of mass of the planet. For simplicity, the reference 
star is assumed to lie along the vector. In general, the 
observable equation is 

tan 9, = (40) 

where 

Ti^T-U (41) 

and 

|B] = magnitude of B vf^rtor 
V« = velocity on approach asymptote 
T = time of flight 
= time of its observation 

From Eq. (40), it is seen that the time of flight T can be 
determined from two perfect observations of However, 
only the ratio |B|/V« can be determined from observa- 
tions of 0, This is because the observation history for any 
parallel trajectory with the same value of (for 

example, trajectory' 2 in Fig. 40) will be identical to Aat 
for the true trajectory. These parallel trajectories also will 
have the same time of flight as the true trajectory. Two 
perfect direction observations determine tbe plane of 
motion. 

From Eq. (40), 
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Consequently, even with perfect observations, the limiting 
accuracy for IBj is determined by 8V*, i.e., 


i®l 

S|B| = -^8V« (44) 

Even though in theory two perfect obsers'ations of 0 
unitpieiy determine time of flight, in practice this quantity 
is rather poorly determined by optical data because it is 
extremely sensitive to errors in 0. This can be illustrated by 
examining an expression for the time-of-flight uncertainty. 


Assume that two observations of 0 are taken. Then solv- 
ing Eq. (40) for T yields 


tan 02 — f, tan 
tan 02 - tan 


Assuming that 0i and 6^ are small. 




^ O 2 - 6t 


$2 0i 


(46) 


E<iualions (44) ind (48) indicate why the quantities V^o 
and T are weakly determined by optical date Because 
these same quantities are determined very well by Earth- 
based radiometric data, the combination of the two data 
types can yield good solutions much sooner than either 
lyp(‘ used separately. 

The above analysis shows how the individual weak- 
nesses of optical and radiometric data a few days out 
from encounter are offset by each other's strengths. Just 
as with radiometric data, the closer the spacecraft gets to 
the planet with the optical measurements, the better the 
solution that results. As the spacecraft approaches the 
planet, parallax effects in the case of natural satellite ob- 
servations allow solving for Voc. Also, the time-of-flight 
solution becomes less sensitive to pointing errors. Further- 
more, by then, sufficient data will have been taken to 
estimate the natural satellite ephemeris relative to the 
target planet, thus leducing effects of this error source. 
In the case of planet limb observations. Vac can not be 
accurately determined until planetary bending of the 
approach trajectory occurs. 

For Deimos, parallax effects are discernible long before 
planetary bending occurs. In addition, its small size makes 
image center-finding errors negligible. These two factors 
make satellite observations significantly more accurate 
than Mars observations for approach navigation. 


and 


Assuming independent observations, the standard devia- 
tion of T becomes 

VooTiT, (T\ + Tl)^ 1 

( 48 ) 

From Eq. (48), it is seen that the uncertainty in time of 
flight is very sensitive to the uncertainty in pointing angle 
when the spacecraft is far from the target planet, and 
decreases as the spacecraft approach^' the planet. Equa- 
tion (48) emphasizes the importance of stars in the data 
because they minimize the contribution of pointing errors 
to V*. Obviously, a larger |B|, which increases parallax, 
minimizes the enor. A smoller also gives more 
parallax by decreasing the range at which the observa- 
tions are taken. Finally, for a fixed measurement time T,, 
Eq. (48) is minimized as T, is taken closer to encounter. 


F. Selection of Approach Pictures 

During the 3-day approach prior to MOI, three pre- 
orbital science picture sequences (POS I, II, and III) were 
taken (Fig. 43). Each POS sequence covered a 24-h 
period in which .31 pictures were recorded aboard the 
spacecraft and then transmitted to Earth during a 3-h 
period near the DSS 14 meridian. Since MOI occurred 
early in the Goldstone view period, the POS III pictures 
were played back after orbit insertion. 

Not all of these pictures were available for OND. The 
Project required that a minimum of 24 of the 31 pictures 
in both POS I and 11 be used to obtain two full revolutions 
of Mars surface coverage at 15-deg surface longitude 
intervals. Also, a minimum of 23 of the 31 pictures in 
POS III were required for additional Mars surface cov- 
erage and for photometric calibration of the wide-angle 
camera. Despite the fact that the OND was on a non- 
interference and noncommittal basis with the mission, it 
was allocated all but one of the remaining pictures. 

OND personnel were given complete freedom in select- 
ing the targets and exposures of their pictures, and the 
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only timing constraint was noninterference with either th<* 
Mars pictures (1-h centers) or the 3-h playback periods. 
Because only POS I and II pictures were to he played 
back prioi to insertion, the optical OD engineers targeted 
Deimos in all 13 pictures in these two sequences to reduce 
its ephemeris uncertainty to a level which would not 
seriously degrade the approach spacecraft trajcclor> esti- 
mates produced during real-time operations. The small 
angular separation of Phobos and Mars during this period 
made Phobos an undesirable target because of possible 
Mars stray-light interference. Three of the eight satellite 
pictures in POS III were of Phobos. 

The postliuiis or Deiiiius as viewed from Mariner 9 
against the star background are shown in Fig. 44. The 
orbital coverage of Deimos is listed in Table 30. Because 
the first Deimos picture was lost during transmission to 
JPL, real-time and post-flight data processing had only 
five POS I pictures. Also, one of the three Phobos pictures 
in POS III was missed because of improper pointing of the 
TV camera. With only two Phobos approach pictures and 
large a priori Phobos ephemeris uncertainties, the Phobos 
data did not improve the navigation accuracy beyond that 
achieved with the Deimos data. 

G. Operational Techniques and Results 

Optical measurements and radiometric data are com- 
pletely independent data types, which have some com- 
mon information content but are ^subject to many error 
sources not common to both. Because of this, procedures 
were established to eliminate, as much as possible, the 
error sources peculiar to each data type before they were 
combined in a single solution. This served to reduce the 
number of iterations required on the whole data set. The 
processing of radiometric data toward this end was 
described in Sections 11 and 111. Analogous preliminary 
reductions were performed on the optical data. 

The first stage of the optical data reduction processed 
only star images to estimate TV^ pointing errors, which 
were usually large enough to be outside the linear region 
because of the nonlinearities in the TV distortion. A 
second iteration, required to ensure that the pointing 
parameters were within the linear region, was performed 
in the second stage of processing. 

As an additional goal, the second stage was to make 
preliminary v rrections to the satellite ephemeris, which 
was expected to be in error by as much as 500 km, This 
error was large enough to require another iteratioii which 
was left for the third stage. The data included both star 


and satellite images. The solution list contained the space- 
craft slate, and four elements of the Deimos orbit. Because 
Deimos is in a near-circular, near-equatorial orbit, only 
two orientation angles, inclination and mean anomaly, 
were included in the solution along w ith semimajor axis 
and eccentricity. A trajectory based on radio data only was 
used with a loose a priori uncertainty (thousands of kilom- 
eters). The spacecraft trajectory parameters were included 
to allow a more accurate satellite ephemeris improvement, 
but the new' probe conditions were not used for the tra- 
jectory employed in the third-stage processing. Instead, 
the same orbit input to the second stage w'as used. 

U he third stage involved the actual combination ^ f 
radiometric and optical data to solve for the spacecraft 
trajectory and the Deimos ephemeris. Once the Deimos 
ephemeris had been updated by use of POS I data, the 
second and third stages were combined by adding the 
pointing parameters to the solution list. 

The optical residuals before the first-stage fit for 
Deimos (D) and stars (O) are shown in Fig. 45. The 
residuals in Fig. 45a were obtained using a priori Deimos 
ephemerides, a short arc trajectory based on radiometric 
data to MOI — 19 h, and TV pointing based on reduced 
spacecraft telemetry data. The clusters of star residuals 
reflect the global offset of the images caused by TV 
pointing errors. The TV pointing errors became large at 
the end of POS II and throughout POS III in the pixel 
direction but were smaller and more random in the line 
direction. 

The residuals in Fig. 45b are before the second-stage 
solution and were generated using the same conditions as 
those in Fig. 45a, with the exception that TV pointing 
errors w’ere removed by using the star images. The star 
residuals, which are only sensitive to pointing errors, now 
have a zero mean. With these errors removed, the Deimos 
residuals reflect Deimos ephemeris errors and spacecraft 
trajectory errors. The Deimos ephemeris errors are evident 
in the 30-h periodic cycle seen in POS II and POS III 
residuals. The spacecraft trajectory error is seen as a slope 
in the periodic line residuals. 

Figure 45c shows the residuals after solving for the 
spacecraft trajector>' and Deimos ephemeris in the third 
stage. Here, the residuals are random with zero mean and 
a standard deviation of less than 0.5 pixels (370). The com- 
bined solution of optical and radiometric data indicated 
a 400-km correction to the Deimos orbit and an 80-km 
spacecraft trajectory error. 
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Kiijiiir slums thr B-pIaiu* trajci tory rslimatcs. which 
NUTc uciuTiitcil in iH\ir-rcaI time. Tht* radiomctric-only 
solution and its 1-ir error t*llipse wcic hased on data to 
M(H - 1'3 h. The radiometric plus optical it(*rated solution 
and 1-ir error ellipse were based on radiometric data to 
MOI — If) h and optical data from POS I and II. Solutions 
ilenoted ,rs optical wrrr Generated, using a trajectory 
based on radiometric data but processing optical data 
only. These optical solutions were obtained from the 
second itt ration of optical data to remove nonlint*aritie.s. 

Post-flight studies have giv<m greater insight into the 
data 4 Uk 1 luive c'onfirmed the accuracy of the real-time 
trajectory estii lates. 

H. Post-flight Sensitivity Studies 

1. Number of stars per picture. In analyzing the depen- 
dence of on accuracy on the number of stars per picture, 
the following three cases were studied: 

(0 No stars per picture. 

(2^ One star per picture. 

(3) .\n average of five stars per picture. 

.Ml three cases had a priori TV pointing information from 
reduced spacecraft telemetry data. Also, the nominal tra- 
jectory was based on radiometric data only from MOI— 
30 days to MOI — 16 h. OD accuracies for the three cases 
are shown in Fig. 47, and the associated trajectory esti- 
mates are presented in Figs. 48 through 50. In these last 
three figures, the numbers on the broken lines indicate the 
number of sequential pictures (starting from No. 2 of 
Table 30) used to produce that result. 

Figures 49 and 50 show that the first picture in POS I 
for cases 2 and 3 drives the trajectory estimate to within 
15 km of the current liest estimate. The ime behavior of 
ea.ses 2 and 3 is very similar, with the trajectory estimates 
agreeing to within 10 km at the end of the POS I and 
POS II data and to within 2 km at the end of the POS III 
data. The expected accuracies of cases 2 and 3 (Fig. 47) 
are the same. It is seen, therefore, that the full accuracy 
potential of the optical data can be obtained v ith only 
one star per picture. This would also be true if tne desired 
TV pointing were used as n priori instead of reduced 
spacecraft telemetry data. 

TV pointing derived from spacecraft telemetry is an 
order of magnitude less accurate than pointing derived 
from star images. This degradation is reflected in both 


tlu* t*\pct'tt*(l accuracy ami the actual trajectory estimate 
of ease* 1 (Fig. 4S) as compared to cases 2 and 3. The 
cast* 1 trajc’ctory estimate' is well behuvtnb when com- 
pared to its expc'c'ted acvuracy, until the last picture in 
POS II (No. 12). Tlu*n the large, nonrandom TV pointing 
(‘rmrs (modeled as random (‘rrors) in the remaining pic- 
el.'uw the frajc*ctur> c.'iiiiiutii io a 3-<rriMn. improved 
trajc'c torv accuracy in.iy be possible by modeling the TV 
pointing errors as time-c’om*latc‘d processes. 

TIu'se star-sensitivity results can be explained by ex- 
amining tlu' T\’ pointing errors. For a givcm picture, all 
source's of pointing e'rrors c‘an be' modeled as three* indc- 
pcnde'ut rotations about tlu* axc'.s uii orthogonal ccxir- 
dinate system (c.g.. T\^ pointii.g has three degrees of 
rotational frec'dom). One star image (a pixel and line 
observation) yields two of the three ilegrecs of rotational 
frc'edom. The third degree of freedom is obtained from a 
sc'eond star or from a priori TV pointing, wdiich has an 
acciiracx' of a fe'W tc'iiths of a degree. A priori TV^ pointing 
to this accuracy can he obtained from cither reduced 
spacecraft telc'nietry data (0.015 deg, 1 a) or from the 
desired pointing (0.15 deg. 1 a). Additional stars, however, 
do not improve the Deinios inertial reference information 
in a picture'. Measurement errors in the Deimos image 
IcH'ation control this accuracy and are not affected by 
star ob.st'rvations. 

Even tliough only one star per picture is needed, it is 
desirable to have many. From a reliability standpoint, 
many stars per picture give independent checks on the 
TV |X)inting and also indicate the accuracy of the TV 
distortion model. Any discrepancy between image loca- 
tion residua!.s within a given picture would flag it for 
further evaluation. 

2. Sensitivity to TV distortion. A comparison was made 
of OD performance as a function of the data type used 
to calibrate TV distortion and as a function of the order 
of polynomial used to model It. Data used included 

(1) Ot>h' rescan images frnm ground pictures. 

(2) Only reseau images from fli^t pictures. 

(3) Only star images from fli^t pictures. 

Distortion polynomials of first and third order, determined 
from flight reseau images, were compared to results from 
the sixth-order polynomial. 

In comparing calibration data, it was found that all 
three types gave equivalent tra|ectory estimation results. 
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The tlifftToncv l)t‘t\veen rcseau iinagt's from ground aiid 
flight pieturos was an offset and rotation common to all 
reseanx. This difference was easily absorbed in the 'I’V 
pointing error model. Approximately 2(K) star images from 
Pleiades pictures and optical navigation pictures were 
used to produce results equivalent to those from reseaii 
daia. In fact, stars are more desirable ihan rescan data 
because they enable the calibration of optical as well as 
electromagnetic distortion and are more easily detected 
than reseanx in pictures used for TV calibration and 
navigation. 

The tradeoff between increased optical data linearity' 
and reduced accuracy was t‘\amincd, and it was found 
that a third-order distortion polynomial gave equivalent 
trajectory estimates to the nominal sixth-order model. The 
increased b'ncarity was accompanied by a slightly noisier 
trajectory estimate behavior, which was, however, well 
within the predicted accuracy. The trajectory estimate 
obtained using a first-order distortion model was in error 
by only 15 km. Tlierefore, it was concluded that a first- 
order model would have sufficed if time constraints had 
not allowed iteration of the optical data. If time is avail- 
able, which is gencially the case, the sixth-order model 
will give the full accuracy potential of the optical data 
with iteration of the data. 


3. Sensitivity to the amount of radiometric data. To 
evaluate the strength of optical data alone, a trefectory 
solution was made without the aid of any other tracking 
data. From the considerations of Section Vl-E, it should be 
expected that POS I and II data alone would yield an 
accurate and B*? solution, but that limited pictures 
and observed parallax would degrade the time-of-flight 
accuracy, whereas POS III data, containing both Deimos 
parallax and trajectory bending, would yield a complete 
trajectory determination from only the optical data. 

A nominal trajectory was generated from Atlas/Centaur 
injection conditions. These injection conditions gave a 
25,000-km aim-point bias at Mars for planetary quarantine. 
The use of this trajectory did not allow the optical data 
to *1cnow,” a priori, that a midcourse maneuver had been 
performed 5 days after launch. The midcourse maneuver 
changed the actual trajectory aim point by some 25,000 km 
and the arrival time by 19 h. In other words, this a priori 
trajectory indicated to the optical data that the spacecraft 
was going in the vicinity of Mars. Moreover, the pre- 
flight Deimos ej^emeris having a 400-km error was uWd. 


Initially, only POS I iiiid 11 data w ort* iterated because 
onl\ tlie\ Were available in n*al time. Five eomplete 
iterations ot the POS 1 and II data w ere needed to obtain 
a eomi'rged solution because of the nonlinearity caused 
by tiu* a priori trajeetory error. After a converged solution 
was {>btaim'd for the POS I and II data, an additional solu- 
tion was made wnieb included the POs 111 data. Tins 
linal solution allowed the full potential of the approach 
optical data to be evaluated. 

The B-pIane traje etory estimates are shown in Figs. 51 
<md 32 at the end of a complete iteration of POS I and 
II data. It can be seen that an accurate estimate of B-R 
and B'T ean be obtained using only POS I and II data 
as exp(*eted. The B-plane estimate after five iterations was 
within 10 km and 1(» s of tin* current best estimate. This 
estimate would easily hav e met mission accuracy require- 
ments for inserting Mariner 9 into orbit about Mars. 
Adding the POS III data brought the B-plane estimates 
from optical data only to within 5 km and 3 s of the 
current best estimate. 

The time-of-flight estimate and expected uncertainty 
from the final solution are .shown in F‘ig. 53. It is seen that 
the uncertainty Joes not go below a few' seconds until 10 h 
from MOI. This lev(»I of accuracy would be available 
alx)ut a day before MOI from radiometric data. It is 
concluded, therefore, that optical data only can yield an 
accurate trajectory estimate using data within 10 h from 
Mars MOI. By combining optical and radiometric data, 
an estimate of comparable accuracy can be ol)tained much 
earlier. 

4. Sensitivity to Mars ephetticris. One major suurc*e of 
error in the use of radiometric data for navigation esti- 
mates is planetary ephemeris errors. The reason for this is 
that the data are taken by stations on Earth and must be 
related to the target planet using assumed station loca- 
tions and a planetary ephemeris. However, from on-board 
optical data, the spacecraft state is directly related to the 
target planet. After the insertion of Mariner 9 into Mars 
orbit, there was an update to the planetary ephemeris 
affecting the position of Mars by about 40 km. The optical 
navigation estimates for the B-plane parameters remained 
essentially the same with this change in ephemeris. 

To demonstrate the independence of optical navigatkm 
estimates from the planetary ephemeris errors, a solution 
was made with a Mars ephemeris error cf about 500 km. 
The results of processing the optical data with this ephem- 
eris error are shown in Fig. 54, which gives the B-pIane 
solution history. The origin of the plot is at the current 


m, TECHNICAL MPONT 


best estimate. The figure shows that the first pass through 
ihe data mcAcs the estimate from :m a nnon estimate 
more than 50() km away to within K* Vm of the current 
best estimate. The final iteration rrioves the estimate to 
within 2 km of the current best estimate. 

I. Conclus:ons 

The radiometric plus satellite/star trajectory estimate 
for Mariner 9 was the most accurate solution generated 
during any real-time approach operations. The new 
optical data navigation techniques wen successfully 
demonstrated during real-time and post-flight analysis. 
Star and rcscau images were used to reduce all systematic 


TV pointing and distortion error.j to arc-second accuracy. 
Pnn^jiTiiuMitly , satf»llit#» image 1 neat ion errors W'ere random, 
with a measurement noise of 3"0 (1 <j). These satellite 
images allowed the Mariner 9 trajectory and the satellite 
ephenieris to be determined independent of a priori 
uncertainties in satellite ephemerides. The addition of the 
optical data to a few davs of radiometric data allows the 
approach navigation process to reach its full accuracy 
potential and become insensitive to planetary ephemeris 
errors, non gravitational spacecraft accelerations, and 
Earth-based tracking station location errors. Thus, a 
demonstrated navigation capability now exists which can 
meet the demanding requirements of future missions. 
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Tibl 0 3. A priori uncertafntiM in radio tracking parametart 


Tabla 1. Standard daviationt of raalduala baaad on a 
atata-only solution from Run 000967 


DSS 

F2, Hz» 

MARK lA, m 

TAU, ns 

MU, ns 

12 

0.00566 

20.313 


935.07 

14 

0.00453 


563.89 


41 

0.00345 

21.895 



51 

0.00349 

23.233 



62 

0.00474 

22.887 




•1 Hz s: 6.5 cm/s at S-band. 


T^bla TVanafar tfajadaty navigation accuracy 
raquhamanl a ,!# 


Tima at which OD aitimata 
It raquifod 

Allowable uncertainty in 
pradictod magnlliidaol 
B vector, km 

Laanch 4 Sdtyi 

780 

MOl-aOdty* 

880 

MOl - 6k 

180 


Pararr'^ers 

Units 

Con^iflrrim' 

E«tim?.tlng 

r of state 

kn 


10» 

r of state 

ktn/s 


1 

Solar pressure 

iinitless ratios 

0.03 

0.05 

Constant attitude 
control leaks 

kin/5' 

10-'» 

10-»2 

of stations 

m 

3 

50 

X of stations 

m 

5 

50 

CM Moon 


0.03 

1 

CM Mars 

kmV** 

1 

1 

Ephemerides 

radians or unitless 
ratios 

• 

10 « 


•Covariances provided by the Ephemcris Development Croup. 


Tabla 4. A priori uncartaintiaa in alamanta of the Martian 
natural aalaWtat 


Parameter* 

Units 

Phobos 

Deimot 

a 

km 

3.0 

5.0 

a 


0.01 

0.01 

M, 

deg 

2.0 

1.0 

< 

deg 

OS 

0.1 

u 

deg 

104) 

10.0 

0 

deg 

5.0 

5.0 


•Refarred to j Mars true equator of dMe. 
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Tabl«5. Soma typical paramatar salt 


Solution 

set 

Parameter 

A 

State 

B 

State, solar pressure (SP) 

C 

State. SP. OSS 

D 

State, DSS 

£ 

State, SF, DSS, CA/ of Moon (GMM) and/or 
Mars (CM4) 

F 

State, SF, DSS, attitude control ( AC ) leaks 

C 

S\atc, SF, DSS, GMM and/or CM4, AC 

H 

State, SF, DSS, GMM, GM4, AC, Mars and 
barycenter ephemeridcs 

I 

State, satellite ephenierides 

J 

State, SF, GMM,GM4 

K 

State, SF, GMM, GM4, Mars and barycis nter 
ephemerides, AC 


<MM9a Mwnpfiipn Pf n o n y wmoofHM pffwnr nompons i»wn pf^nwpQMfi# n n 


A 

B 

C 

D 

E 

F 

Paramatar 

Poat-fllgiit 
pott*midcoana 
( currant bael eftimata ) 

Pre-lliiht a pHari 

Infllglit 
pra midcouna 

Fott-Agk 
pet midww 

Poet'fliibt a pHert 

Sf. 

1,1234 

1.3140 

1.3160 

1140S 

1.2388 

sr. 

*0.0482 

*0.0143 

-0.0111 

-O.OS03 

*0.0507 

»r 

*0X1516 

-0.0143 

*0.0126 

-0.0464 

-0.0506 

ACf,km/i* 

0.1160 E- 11 

0 

0 

ai847B-lt 

0 


0.1166E*!! 

0 

0 

O.UlSE-11 

0J016E-11 

ACp k»/i* 

0.1631 E*ll 

0 

0 

O.iaiSE-11 

0.1501 E-U 

■-» 

MNPBwMm 

OOOTIL^ 


FBEMA^IO^ 

P11E017.E 




JPk IMNMMi MKMIf M^UM 


i 

i 


i 



, 10 ^ ) Post-flight ( PRE017-E ) 




I I I I I I I I I I I I I I I I I I 

PS^MtdUUUUUUUUUU^WUUUU 

* so-6g2gg;g2i2222222;a2:22 

dd^ooddodoobdoodcd 


I I I f'* ® ^ X 

® 05 ' • ' o '•r -i 

CC|— 


xSF^C 2 S 3®05 

issliili 
^ = I s 5 5 i 1 

Pi •, I ei I I - I 


. , O 

O 

^ <M X ^ ^ 

Cl 10 ^ ei 10 


05 

X X C? 05 


^ r- 
i- Cl J^, 
lO I 


i I II ^ ^ 

xWWLu®^l^iO 

3 u 2 SI S I S ?' 


r p! g 
§58 


¥> W 5 in 
+ + + 

ts 3 K W q 

o o o — 

odd 


£ ^ « 

d S c? 2 Ei 

w in ^ ^ ^ 

^ Q oc 


^^^^FHeo^^XF-PHeo-4^® ^ 

I I I I I I I I I . I I I I I „ I 

UbJCdUtilUUMUUUtdUUUPP^ 

sssasg^a^a^sassa""- 

dddododo'oddddoo o 


S 2 q d d <^» 

ci , I I I "• I I 


S 8 K 52 £ 2 

3 g 5 ^ g 2 

#».i iX 


^ X ® ? o S 

c^i I; S 5 -i 

n s fi g g I 

Y ? K ^ ^ I 


I I I 
d u u 


I I 
o W 
6 « |i 

8 2 


I I I I I I I I I I I I I I I I I I 

8 SSMMUUVIi 3 b 3 UMWWUUti 2 UHUU 

edddddddddoooooeoo 


liiiiiiiiiiiiii 


S = 2- ’^2®?S 

I I •* I I “ I I " 


? 3 f S 




= E § S 


s 9 8 c 






m 10 *« 

+ -► -h 
w u u P 
2 ® 2 
d d d 


sSis 


I I I I I I I I I I I I I I I 

euuHUUHHHklblUHHHU 

~SfiSSSS8SS8SS8SS 

SeoSddSddScibSeid 


l?Si 


I BRi^iiisSSSiSf. = 

' l?N??ii?5isiN 


li® 


i mill jjijj4tjjiijji!lllljjj&jj< l| 


jpi na iwic* ! iKPORr mi 


k 





1 


) I I I I I 


J 

1 

Cl 

1 

TT 

1 

d 

1 

t 

1 

Cl 

1 

J 

1 

d 

i 

1 

u 

1 

u 

U 

1 

U 

1 

u 

1 

U 

u u u 

i 

u 

1 

U 

1 

U 

iC 

05 


iC 

Cl 

05 

iC 

05 

Q 

IC 

05 

X 



X 

•-H 

Cl 




d 

f— t 


d 

d 

d 

d 

d 


d 

d 

d 

d 

r ' 

d 

d 


I 1 t 


r«l <N (M 


= ® 

Cl C 

^ iC X 

»r ^ w 
Cl t- 

X ac ^ 
ri ^ 

— I- I- 

^ I I 


g£ 

Cl I 


cr iJ? 
§ 2 
5 ^ 

Cl c 
ri ^ 


‘ • i se fg X 
W W w 5 2 2 - 


ci <N 


X S 
IT 

*S fTi 


i I 


X 

Cl 

■rr 

o 

1C 

X Cl 



X 

X 

IC 

in 

X 

s 

_4 

r- 










05 

X 

d 

t'” 

X 

5 

Cl 

8 

Cl 

d 

1- 

X 

X 

X 

05 

1-; 

X 

X 

d 

$2 

d 

o 

X 

! 1 1 
w u u 

1-; 

X X 
IC d 

sg 

X 

«• 

X 

8 

X 

r- 

Cl 

1^ 


X 

X 


3 

X 

Cl 

X 

X 

Q 

X 

X 

ci 

8 

Cl 

Cl 

X 

>H 


o 

s 


OC 

Cl 

Cl 

1C 

t- 

t** 

X 

X 

X 

-t 

Cl 

1C 

rr 

1C 

CO 

X 

1 

X 

X 

t- 

IC 

t- 

Cl 

1 

r- 

Cl 

X 

X 

■n* 

T 

1C 

X 

X 

8 

X 

s 

g 

O IC 
X IC 

CO 


X 


IfJ ift iC ^ ^ „ 

+ + + lllllltllillllllll III 

U 3 UU 3 [x}UU UUM 

oco^"^'^oo<5U5 

»«H ^ IQ iij ijj C ->4 ^ C>, C« C-* Cl f— . C, C, C 5 ; C^ ^ ^ ^ 

odd ^ ^ . . . 


»-4 ^ CC ^ *-H CO 

I I I t I I 


t T T 7 7 7 7 


dddd ooo <roo ooc ooo oo 


SSo 


O 05 
ic ~ 

X 

r- 
I 


o 

O Tf 

r- 05 
05 l- 
X X 


o Cl ^ OX 
X IC X Cl ^ 


S|S = S 


50 
Cl ^ 

ci , 


2 § 2 s S - 

t-oSx'^ Cl "^05 110 

CCl/50'5^® 005 05 o 

SfeSSci in'^ro 
'^wcCp-j coxd i''Coi/j 
e d O ^ Cl O “V ^ 

Y -J Y Y ^ X Cl 1C c? Cl IC 


CO X o 
TT O 
CM r- X 

oi oc * 

c . Cl 
X X 
X X t- 
I •-H uo 


c 

S O 

^ 1C 

ss 


o t- ^ 

00 -H CO 


O Cl X 
O X 


X • 

= !Si 

’T TT X 


I- o W W 


® ci d ^ 


^ X 

SSo 
d d 


X 1 C 1 C d ^ ^ Cl ^ cj ^ Cl I— i^d <-H ^ d »-<^ci 

I I I I I I I III III III III III 
osffiCbjUUUUbdU UUU UUU U[i]t;l UUtd U[dU 

§S-;{:22!i??;22 22s? 2SS 222 32S5 22fS 

dddd odd odd odd odd odd odd 



® S»15 
05 CO w ±: 


W ^ S 2 C9 _ « 

g g g _ “i '*' » 


m in M •■< -( 

+ + + III 

UUH 99 PUHU 

222 5588 

odd d d d 


ssiB^ii. 

f:Soi®!j«®sS 

s I t- Cl I j ^ O o IC 




t^iJS *-Hino 

fsR “t<s ;ss 


IJlill j jiJiiSilljjlijji 


^ at ^ u 

2 «« !- - 5 -a 8 «bS O o cj =r • • vi 5 

H h N-K->.-N ft & fe s- w* w- *.*/<’ u" if ^ fc- ^ ^ ®.« * K * * 


m. TICHNICM. ReraKT U- 18 M 


ic initial conditions on June 5, 1971 at 01*KX)“*00t0 UTC, 
w 14, 1971. 


Tabki 9. Pra-imlatch retuttt 


^ ^ ^ ^ CO 

t I I I I i 


I I I I I I I I I I I I I I I 


iiiiiiiiiiiiiiii iiiii iiisaS?«> 

UUHUUUMUMUHUUUMU HHUUHSSuUblSSa?- 

8?iS5gSg8§2!22S"52S 22E:2»:o«22222S?: 

dodddddbdodooddoodddd ddd 


j- — ^ o 

d S S 3 g 

JG o5 ^ 

35 £ 5; 8 

I ^ ® 


^ 53 CO o o 2 ? 

^ 2 * eo ^ o 

£ g s s s g 

i I § 8 g ?: 


CO CD |n. 

« 2 fi: <N S 

j -H lO I 


fJ § 

S g I 

8 ^ liS 

S 


£ s 7 

g S W 

I § S 

^ — 

CO 


U U c9 

^ 22 S 

o> ifl 2 
00 ^ 


^ 1-H wo 
io ^ t: 




>v X 
< 


IC wo lO 

+ + + 


.— ^ CO ^ ^ CO 

I I I I I I I I I I IIIII 


TT-r IIIIIIIIIIIIIII III 

UU3UPpPU(dU(i)UUHUMM MMUUUPPuuU 

222"""S^S82aS)i3a82S82a""'222 

C>oe> oodOcsoOcieiejooooO ^ ^ 


^ wo Jr 55 

§ !? S ? 


^ 2 
1 7 I 


t g g g 00 

^ g s s s 

0> 05 w o ^ 

^ « «5 V5 

5 CO o o Q t- CO 

’ d ® ® i i 5 


g £ g g 

S g 

CD ^ 35 « 

^ W5 00 O 
^ lA 05 ^ 

CO CO "tr* 


^ i I 

^ o u u 
c4 0 * CO ei 

8 S S 


? g S U td u 

d d d g g 2 
d o d 


« • 

^ CO ^ 


S s 2 « 6 8 

S g X S 2 S 

s I s I g g 

£ i 5 8 S i 

^ \ Id?? 




I g 8 
Isa 


M 10 in 

+ + + 

M U H p q q 

000 ^^*^ 

d 3 d 


liliilis^ 


iiiii 

i S I 5 S; 


9 S S I 
s; s SI s 


o o o 
d d d d 


^ jiiill j jijiij jij jiiilll jj jl j ji|B 


ttNS« *• «« m S2*tN>- <H<I* '*« S 




JH. TICHWCM. MKNir M> 


1^ ' ., 


Table XO. Comparison of B-plane parameters for pre*unlatch orbits, adjusted for unlatch and maneuver ^'s 


A 

B 

C 

D 

E 

F 

Parameter 

Current best 
estimate 

Inflight 

pre-unlatch 

A(C-B) 

Post-flight 

pre-unlatch 

A(E-B) 

’Bj. km 

8261.4 

8233.6 

-27.8 

8315.6 

54.2 

B * R, km 

6081.8 

6066.2 

-15.6 

6092.4 

10.6 

B*T, km 

559L3 

5567.2 

-24,1 

5659.6 

68.3 

oh+ 

:11''‘08!72 

29«»16?26 

-112?46 

31‘"55?68 

46?96 

Run identification 

MOI08A 

PREUNL-9-A 


UPBM17 


•November 14, 1971. 


Table 11. Orbit changes caused by scan platform unlatch and 
engine gas line venting (Run UPBM16) 

Velocity changes 

B-plane changes 

AV^ = 2-99 ± 1.63 mm/s 

A|B| = -25.82 km 

AVv = 2.82 ± 1.38 mm/s 

AB«fi= 2.62 km 

= -0.13 ± 2.64 miii/s 

AB't= -34.34 km 

|AV| = 4.11 nini/s 

-0*70 


Table 12. Comparison of B-plane parameters for pre-midcourse orbits, adjusted for maneuver A's 


A 

B 

C 

D 

E 

F 

G 

H 

Parameter 

CBE 

Inflight 

post-unlatch 

A(C-B) 

Post-flight 

post-unlatch 

A(E-B) 

Post-flight pre- 
and post-unlatch 

A(G-B) 

|B|,km 

8261.4 

8260.3 

-0.9 

8231.1 

-30.3 

8288.7 

27.3 


6081.8 

6055.6 

-26.2 

6066.3 

-15.5 

6121.0 

39.2 


5591.3 

5618.0 

26.7 

5563.4 

-27.9 

5588.8 

-2.5 


31»’08t72 

29««27fei 

-lOlfll 

31'»09575 

1503 

31'“25l61 

16589 

Run 

identification 

MO108A 

PREM/C-IO-C 


PRE017-E 


UPBM18 


•November 14, 1971. 


Table 13, Differences bebeeen current best estimate of encounter omit and final alminc point for ttie maneuver 


Parameter 

A 

B 

C 

D 

E 

p 

B'ftkm 

18,8 

14.9 

-4.2 

15.1 

73.7 

-80.7 

B'^.kn 

73.3 

-34.9 

-19.7 

4.3 

-137.8 

-114.9 

ro4.» 

138.72 

-3.64 

105.98 

-0.43 

20.86 

16.1 
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T^ble 14. Commanded midcourse maneuver and current 
best estimate of achieved maneuver 


Table 18. Predicted B-piane parameters at MOI-2 h 


Parameter 

Commanded 

Current 
best estimate 
(UPPBM6) 

ACommanded 
current best 
estimate 

AVjf, m/s 

2.707 

2.695 ± 0.0013 

0.012 

AVy, m/s 

-4.682 

-4.696 ± 0.0016 

0.014 

in/s 

-4.007 

-3.997 ± 0.0018 

-0.010 

1AV|, m/s 

6.731 

6.730 

0.001 


A 

B 

C 

D 

Parameter 

Current best 
estimate 
MOI08A 

Long-arc radio 
POSTMC-56-A 

Short-arc radio 
POSTNiC-57-A 

|Bj, km 

8261.4 

8231.1 

8275.8 

B*R, km 

6081.8 

6036.5 

6125^ 

B*T,km 

5591.3 

5595.5 

5566.4 


31»"08»72 

31 ">03:27 

31">07:3 

•November 14,1971. 


Table 15. Comparison of B plane estimates using different ephemeiides 


Orbit 

FOSTUr-n 

POSTMC-39 

A solution 

A trajectory 

POSTMC-48 

POSTMC-50 

A solution 

A trajectory 

Ephemeris 

OE69 

DE78 

(DE78 

- DE69) 

DE78 

DE79 

(DE79 

- DE78) 

lB|.km 

8279.4 

8209.0 

-70.4 

-51.4 

8206.2 

8232.5 

26.4 

25.3 

B*S, km 

6080 7 

6011.2 

-69.5 

-53.2 

6007.7 

6038.8 

31.1 

33.6 

B«i*,lan 

5618.9 

5590.4 

-28,5 

-18.1 

5590.0 

5595.3 

5.2 

0.9 


32">ien 

ai^is?? 

0.4 

-10.9 

31">04?2 

31"*03?2 

-1.0 

0.2 


•November 14, 1971. 


Table 16. Comparison of AC coefficients using post-midcourse data 

A 

B 

C 

D 

£ 

F 

Parameter 

Post-flight post-midcourse 
current best estimate 

AC subsy^em 
engineers 

A(B-C) 

Inflight post-midcourse 

A(B-E) 

AC„ km/f* 

0.2239 E-12 

0.0 

0.2269 E- 12 

O.f' 

0.2269 E- 12 

ACjf, km/i* 

0.1168 E-'l 

0.2401 E- 12 

0.0928 E-ll 

0.8918 E- 12 

0.0277 E-11 

ACy, km/s> 

0.1831 E-11 

0.8254 E- 12 

0.1206 E-11 

0.1502 E-11 

0.0326 E-11 

Run identification 

00972L-G 



SKW789A 



Table 17. 

Predicted B-pIcne parameters at MOI- 

-12h 


A 

B 

C 

D 

E 

F 

Parameter 

Current best estimate Long-arc radio 

MOI08A FOSTMC-52*A 

Short-arc radio 
POSIMC-53-A 

Optical 

OOAP-POS12 

Radio 4* Optical 
GHB009 

|B|,km 

8261.4 

8232.4 

8291.0 

8265.9 

8260.1 

B.R, km 

6061B 

6038.5 

6149.2 

6033.0 

6079.3 

B*^,km 

5591.3 

5595.3 

5561.3 

5651.3 

5592.0 

r<7^.»o*+ 

31«08l72 

31»03ll9 

31>»06f99 

29“50f0 

31«18f65 


•November 14, 1971. 


JPL TECHNICAL REPOIIT 3248M 



Table 19. Predicted B-plane parameters for f elected radio-only solutions 


A 

B 


C 

D 

E 

F 

G 

H 

I 

Run 

identification, 

POSTMC-xx 

Parameter 

set‘ 

Time of last data 
point used 
(1971) 

|B , km 

B • R, km 

B-T,km 

r, , n 1/14/71). 

h: minis 

Doppler/ 

range'' 

Arc*^ 

1 

A 

06/05 

135000 

8770.10 

6800.99 

5537.25 

OU:^4S39.b6 


L 

2 

A 

06/05 

195332 

8345.26 

6196.60 

5589.76 



L 

3 

A 

06/07 

150302 

8279.73 

6119.98 

5576.71 

00:29:41.90 


L 

4 

A 

06/08 

1523U2 

8322.75 

6114.34 

5646.51 

00:30:06.35 


L 

4 

C 

06/08 

152302 

8272.17 

6049.78 

5641.71 

00:30:00.38 


L 

4 

A 

06/08 

152302 

8333.74 

6099.75 

5678.41 

00:30:08.16 

D 

L 

4 

C 

06/08 

152302 

8289.18 

6055.61 

5660.40 

00:30:02.58 

D 

I 

5 

A 

Oft/10 

143802 

8258,79 

3072.06 

3598.00 

00:29:50.47 


li 

5 

C 

06/10 

143802 

8279.84 

0017.94 

5686.84 

00.30.03.96 


L 

b 

A 

06/14 

144C02 

8225.27 

6058.76 

5562.95 

(X):29:48.82 


L 

6 

v> 

06/14 

M4602 

8244.98 

6011,36 

5642.99 

00:30:16.53 


L 

7 

A 

06/17 

152702 

8279.55 

6036.38 

5666.85 

00:30:16.43 


L 

7 

C 

06/17 

152702 

8213.21 

6015.25 

5592.28 

00:30:51.99 


L 

8 

A 

06/21 

144002 

82^0.66 

6029.85 

5616 88 

00:30:18,50 


L 

8 

C 

06/21 

144002 

8188.88 

5995.75 

5577.52 

00:30:16.50 


L 

8 

A 

06/21 

144002 

8274.50 

6064.10 

5629.74 

UU:30:09.i9 

r\ 

L 

8 

C 

06/21 

144002 

8265.76 

6041.69 

5640.99 

00:30:34.35 

D 

L 

9 

A 

06/21 

144002 

8200.49 

6002.52 

5587.29 

00:30:05.77 

R 

L 

9 

C 

06/21 

144002 

8245.87 

6047.52 

5605.51 

00:30:30.72 

R 

L 

10 

A 

06/23 

164702 

8200.25 

6017.55 

5570.75 

00:30:21.14 


L 

10 

C 

06/23 

164702 

8181.62 

5975.05 

5589.08 

00:30:08.72 


L 

10 

A 

06/23 

164702 

8245.15 

6055.96 

5595.34 

00.30:19.53 

D 

L 

10 

C 

06/23 

164702 

8264.19 

6027.36 

5654.00 

00:30:33.16 

D 

L 

12 

A 

06/25 

171002 

8201.95 

6017.07 

5573.76 

00:30:24.68 


L 

12 

C 

06/25 

171002 

8178.04 

5966.63 

5592.82 

00:30:04.43 


L 

12 

A 

06/25 

171002 

8247.34 

6055.99 

5598.53 

00:30:32.34 

D 

L 

12 

C 

06/25 

171002 

8262.27 

6022.26 

5656.63 

00:30:36.91 

D 

L 

14 

A 

06/29 

164602 

8201.12 

6013.94 

5575.92 

00:30:23.22 


L 

14 

C 

06/29 

164602 

8182.96 

5970.85 

5595.52 

00:30:19.68 


L 

14 

A 

06/29 

184602 

8247.73 

6052.75 

5802.61 

00:30:31.75 

D 

L 

14 

C 

06/29 

164602 

8283,09 

6045.74 

5662.03 

00:30:55.68 

D 

L 

14 

E 

06/29 

164602 

8263.01 

6052.34 

5625.53 

00:31:01.80 

D 

L 

15 

C 

07/01 

145002 

8254.41 

6032.07 

5634.66 

00:30:38.44 


L 

15 

E 

07/01 

145002 

8261.27 

6050.03 

5625.45 

00:30:47.89 


L 

15 

C 

07/01 

145002 

8293.64 

6057.19 

5665.25 

00:30:59.38 

D 

L 

15 

E 

07/01 

145002 

8271.45 

6058.06 

5831.77 

00:31:01.48 

D 

L 

15 

C 

07/01 

145002 

8255.79 

6037.86 

5630.48 

00:30:41.64 

R 

L 

15 

E 

07/01 

145002 

8242.91 

6060.79 

5586.80 

00:30:59.78 

R 

L 

16 

C 

07/06 

223102 

8285.45 

6058.46 

.5651.88 

00:30:56.41 


L 

16 

E 

07/06 

223102 

8254.03 

6041.77 

5623.71 

00:30:47.32 


L 

•From Table 5. 










= doppicr only; R ^ range only; blank doppler and range. 






<*L • long; I « 

intermediate; S 

* short. 
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Table 19 (contd) 


A 

B 

C 

D 

E 

F 

G 

H 

I 

Run 


Time of last data 







identification. 

Parameter 

point used 

IB', km 

3*R, km 

B *T, km 

^CA ( ^ ^ / 14/7 1 ) , 

Doppler/ 

Arc^’ 

POSTMC-xx 

seta 

(1971) 




!rmin:s 

range‘s 


16 

C 

07/06 

223102 

8334 88 

6093.96 

5686.29 

00:31:12.53 

D 

L 

16 

E 

07/06 

223102 

8289.20 

6069.88 

5645.11 

00:31:00.91 

D 

L 

18 

C 

07/13 

155302 

8.368.72 

6118.06 

5710.07 

00:31:21.88 


L 

18 

E 

07/13 

155302 

8.305.00 

6077.50 

5660.25 

00:30:.59.02 


L 

18 

C 

07/13 

155302 

8367.90 

8111.74 

5715.63 

00:31:30,06 

D 

L 

18 

E 

07/13 

155302 

8294.24 

6065.41 

5fi57.;}2 

00:31:07.83 

D 

L 

19 

E 

07/15 

165002 

8316.46 

6088.87 

5664.73 

00:31:02,02 


L 

20 

E 

07 /20 

212.502 

8.3.57.23 

r'% ort 

Lfi. 1 ( 


‘>0:31:23 26 

D 

L 

21 

E 

07/20 

212.502 

8379.02 

6142.41 

.5699.01 

00:01:17.92 


L 

22 

E 

07/26 

150.302 

8343.31 

6166.25 

.5620.34 

00:31:21.88 


L 

22 

E 

07/26 

150302 

8.314.28 

6097.66 

5652.06 

00:31:09.54 

D 

L 

23 

E 

07/26 

1.50302 

8299.09 

6085.74 

5642.57 

00:30:57.16 


L 

24 

E 

08/04 

201.502 

8293.80 

6091.48 

5628.59 

00:31:22.09 


L 

24 

E 

08/04 

201502 

8290.30 

6089.71 

5625.33 

00:31:22.45 


L 

25 

E 

08/10 

203602 

8285.10 

6083.42 

5624.49 

00:31:31.76 


L 

25 

F 

n«/io 

203602 

8264.05 

6001.59 

5618.42 

00:31:21.78 

D 

L 

26 

E 

08/14 

101802 

8282.84 

6079.26 

5625.65 

00:31:22.62 


L 

26 

E 

08/14 

101802 

8260.45 

6054.93 

5618.97 

00:31:22.27 

D 

L 

26 

E 

08/14 

101802 

8301.91 

6107.16 

5623.55 

00:31:20.31 

R 

L 

27 

E 

08/22 

212402 

8282.27 

6075.86 

5628.48 

00:31:23.78 


L 

27 

E 

08/22 

212402 

8258.72 

8048.27 

5823.59 

00:31:23.68 

D 

L 

28 

E 

08/31 

170602 

8265.68 

6055.28 

5626.28 

00:31:24.55 


L 

28 

E 

08/31 

170602 

8250.92 

6039.49 

5621.58 

00:31:23.11 

D 

L 

30 

E 

09/12 

231642 

8280.81 

6076.32 

5625.84 

00:31:22.57 


L 

30 

E 

09/12 

231642 

8259.14 

6051.62 

5620.62 

00:31:22.21 

D 

L 

31 

A 

09/28 

233252 

8281.60 

6081.47 

.5621.44 

00:31: 1<8.42 


L 

31 

E 

09/28 

233252 

8266.14 

6079.24 

5601.06 

00:31:16.11 


L 

32 

A 

10/07 

040000 

8279.36 

6080.73 

.5618.95 

00:31:16.11 


L 

32 

E 

10/07 

040000 

8275.00 

6097.80 

5593.97 

00:31:13.56 


L 

32 

G 

09/15 

000000 

8274.95 

6075.77 

5617.81 

00:31:17.42 


L 

35 

A 

10/13 

162402 

82.34.56 

6051.98 

5584.04 

00:31:14.70 

D 


35 

G 

10/13 

162402 

8240.19 

6059.58 

5584.11 

00:31:13.23 

D 

1 

37 

A 

10/13 

000000 

8252.02 

6063.53 

5597.27 

00:31:03.32 

R 

L 

38 

A 

09/15 

000000 

8240.24 

6027.71 

5618.57 

00:31:06.55 

D 

L 

38 

G 

09/15 

000000 

8199.14 

5991.40 

5597.23 

00:31:05JS5 

D 

L 

89 

A 

10/31 

000000 

8208.98 

6/1.22 

5590.41 

00:31:15.74 


L 

39 

G 

10/31 

000000 

8180.92 

6004.24 

5556.67 

00:31:17.81 


L 

39 

A 

11/01 

070000 

8218.54 

6018.73 

5590.37 

00:31:04.84 

D 

L 

30 

A 

09/15 

000000 

8231.49 

6018.76 

5615.32 

00:31:18.70 


L 

41 

A 

11/07 

000000 

8279.04 

6112.77 

5583.59 

00:31:01.15 


I 

41 

C 

11/07 

000000 

8173.53 

6025.82 

3522.33 

00:31:10.17 


I 

42 

A 

11/07 

000000 

8203.41 

6004.71 

5589.22 

00:31:46.64 


L 

43 

A 

11/07 

000000 

8207.54 

6028.89 

5569.21 

00:31:07.36 


I 

43 

C 

11/07 

000000 

8234.87 

6055.22 

5580.99 

00:31:05.34 


I 
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Table 19 (contd) 


A 

B 

C 


D 

E 

F 

G 

H 

I 

Run 


Time of last data 







identification. 

Parameter 

point used 

'R , km 

B • R, km 

B»T, km 

T, ,(11/14/71), 

Ooppler/ 

Arc*' 

POCTMC-xx 

set* 

(19' 

71) 




li.mm.s 

range^ 


44 

A 

M/08 

140000 

8227.83 

6063.19 

5561.91 

00:31:07.07 


I 

44 

C 

11/08 

140000 

8221.18 

6040 10 

5577.18 

00:31:06.16 


I 

45 

A 

11/10 

190000 

8284.64 

6145.56 

5.555.84 

00:31:06.40 


I 

45 

c: 

11/10 

imm 

8444.29 

6341.22 

5576.28 

t)0:30:.38.41 


1 

45 

c 

11/10 

190000 

8313.21 

6180.02 

5560.29 

00:30:48.45 

D 

I 

46 

A 

11/10 

190000 

820:.96 

6014.00 

5588.84 

00:31:04.24 


L 

46 

A 

11/10 

190000 

8224.38 

6036.16 

5586.16 

00:31:03.54 

R 

L 

48 

A 

11/12 

IHJOOOO 

8206.17 

6007.70 

O590.05 

00:31.04.19 


L 

50 

A 

H/13 

061800 

8232.53 

6038.81 

5595.29 

00:31:0.3.19 


I 

trn 

A 

a 1 rt 

Aa/ lO 

OCISOC 

S228.48 

C032.87 

5502.77 

Of' .'>1 


r 

51 

A 

11/13 

061800 

8260.46 

6098.03 

5572.19 

00:31:03.75 


s 

51 

F 

11/13 

061800 

8305.98 

6174.12 

5556.03 

00:31:03.19 


s 

51 

A 

11/13 

061800 

8056.49 

5964.47 

5415.92 

00:30:53.24 

D 

s 

51 

F 

11/13 

061800 

8194.75 

6101.64 

5470.28 

00:30:59.00 

D 

s 

52 

A 

11/13 

101800 

8232.36 

6038.52 

5595.35 

00:31:03.19 


L 

52 

A 

11/13 

101800 

8226.66 

6033.12 

5592.79 

00.31:05.12 

D 

L 

o3 

A 

11/13 

101800 

8290.97 

6149.18 

5561.27 

00:31:06.99 


S 

53 

F 

11/13 

101800 

8336.28 

6224.85 

5544.80 

00:31:06.48 


S 

53 

A 

11/13 

101800 

8152.69 

6075.99 

5435.87 

00:31:01.44 

D 

S 

53 

F 

11/13 

101800 

8313.43 

6226.14 

5508.93 

00:31:04.93 

D 

S 

54 

A 

11/13 

141800 

8231.70 

6037.52 

5595.47 

00:31:03.23 


L 

54 

A 

11/13 

141800 

8226.93 

6033.46 

5592.83 

00:31:05.08 

D 

I 

55 

A 

11/13 

141800 

8286.25 

6142.08 

5562.08 

00:31:07.04 


S 

55 

F 

11/13 

M1800 

8314.44 

6188.90 

5552.25 

00:31:06.78 


S 

56 

A 

11/13 

161830 

8230.97 

6036.49 

5595.51 

00:31:03.28 


L 

56 

A 

11/13 

161800 

8226.96 

6U33.49 

5592.84 

00:31:05,07 

D 

L 

57 

A 

11/13 

161800 

8275.84 

6125.03 

5565.39 

00:31:07.31 


S 

57 

F 

11/13 

161800 

8275. )9 

6124.78 

5565.44 

00:31:07.31 


S 

57 

A 

11/13 

161800 

8280.14 

6192.86 

5496.29 

00:31:04.67 

D 

S 

57 

F 

11/13 

161800 

8280.06 

6188.95 

5500.57 

00:31:04.83 

D 

S 

58 

A 

11/13 

201800 

8261.27 

6103.32 

5567.60 

00:31:11.49 


S 

59 

A 

11/13 

214800 

8261.85 

6104.13 

5567.56 

00:31:07.87 


s 

59 

F 

11/13 

214800 

8261.81 

6104.14 

5567.50 

00:31:07.88 


s 

60 

A 

11/13 

234800 

8262.43 

6104.97 

5567.51 

00:31:07.92 


s 

60 

F 

11/13 

234800 

8262.27 

6104.78 

5567.48 

00:31:07.93 


s 

60 

A 

11/13 

234800 

8262.59 

6111.60 

5560.47 

00:31:07.67 

D 

s 

60 

F 

11/13 

234800 

8262.21 

6101.79 

5570.6. 

00:31:08.04 

D 

s 
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Table 20. Solutions supporting current best estimate of B-plane parameters 


i 

\ 

i 

i 

j 

I 

i 


A 

B 

C 

D 

E 

Parameter 

Long arc 
001009-H 

Long arc 
001009-A 

Short arc 

MOI 5d->MOI-45p^ 
EOOlWL 

CBE short arc 
MOI-5d-> MOI+lOh 
MOIOSA 

|B|,km 

5261.7 

8269-8 

8262.0 

8261.4 

B.S,kin 

6083.0 

6100.6 

6087.0 

6081.8 

B«T,lcm 

5590.5 

5583.2 

5586.6 

5591.3 

roA.*<>‘+ 

31"‘09?52 

31*“08?50 

31>n0f..54 

31«‘08?72 

•November 14, 1971. 


Table 21. Comparison of estimated maneuver parameters* 

A 

B 

c 

D 

E 

F 

Parameter 

Commanded 

maneuver 

A priori from telemetry 

Strategy 1 

Strategy 2 

Strategy 3 

F. 


0.13290676 X 10* 

0.13363450 X 10* 

0.1331191 X 10* 

0.13298025 X 10* 

Ft 


-0.70234773 X 10 ‘ 

-0.70679196 X 10-» 

-0.70067575 X 10-» 

-0.69835305 X 10** 

F, 


0.29411911 X 10“3 

0.28530662 X 10-* 

0.29473017 X 10-» 

0.29352292 X 10-» 

F. 


-0.41188397 X 10-« 

-0,42682422 X 10-« 

-0.41235486 X 10-* 

-0.41060609 X 10-« 

F. 


0.19269307 X 10 » 

0.18995661 X 10-» 

0.19246737 X 10-» 

0.19385616 X 10-» 

a, rad 


2.5365883 

2.5361710 

2.5364832 

2.5366572 

a, rad 


0.20075508 

0.19982343 

0.20028938 

0.20052894 

T,i 


( |AV| cutoff) 

(|AV1 cutoff) 

914.7534 

915.2659 

lAV|,ra/s 

1600.500 

1600.685 

1600.685 

1601.853 

1001.912 

Roll turn, deg 

42.765 


42.519 

42.557 

42.578 

Yaw turn, deg 

124.808 


125.206 

125.215 

125.221 

Run Identificatkm 



M0191G 

MOI08A 

MOI05W 

•For ail the solutions, the other applicable bum parameters were: 



To * Nov. 14, 

1971, 0kl8*20*5111 BT M, -> 

f •7262513 X 10-» 



M,>99Skg 


M,- 

0.11812921 X 10-* 



Mo « 0.46051544 

M,- 

-0.24448644 X 10 >* 





n 
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Table 22. Datarminationa of GM Earth from Mariner 9 data 


Source 

GM Earth, 
kmV»* 

Standard deviation, 

Run 

identic 

ficaHon 

Data span 1 

398600.67 

0.226 

UPBM17 

Data span 2 

398600.67 

0.150 

UPBM18 

Data span 3 

398600.75 

0.133 

UPPBM6 

Data span 4 

398600.71 

0.359 

PRE017 


Table 23. influence of consider parameters on GM 
Earth determination 


Consider parameter 

Assumed 

uncertainty 

Absolute value of change 
in GM £arth» krnVs^ 

ACjiACj^ACy, km/i< 

0.5 X 10-H 

0.06, 0.08, 0.10 

%(DSS51),m 

30.0 

0.05 

GM Moon, km^/i> 

0.05 

0.004 

JvJvh 

0.5 X 10-^ 

Negligible 


0.5 X 10-T 

0.001, 0.001 

Earth orbital dementi 
(»et3) 

1.0 X 10-» 

Negligible 

Moon orbital dements 
(tet3) 

0.12 X 10-» 

Negligible 

Aftronomical unit 

3.0 km 

Negligible 
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Table 25. Torque directions around spacecraft axes caused by individual roll-jet thrusts 


Label in 
Fig. 16 

Direction jet 
exhaust points 

Direction of spacecraft 
motion in roll caused 
by jot firing 

Roll 

torqui- 

Pitch 

torque 

Yaw 

torque 

Location of jet in 
spacecraft coordinates 

a 

CW 

CCW 

+ 

+ 

+ 

-X 

b 

ccw 

CW 

- 

- 

+ 

-X 

c 

ccw 

CW 

- 

+ 


+x 

d 

CW 

ccw 


— 

- 

+x 


Table 26. Current bast astimata of accalaratlons during interplanetary phase Induced by roll-iat leak 

Date 

(1971) 

Time, 

GMT 

h:m 

a. DN/S2 

r, N X lo- (mIH) 

kiii/s- X i0'» 

km/s- X 10 •• 

9/15 

13:55 

-0.14 X 10'^ 

2.68 (5.9) 

10.1 

-26.3 


23:15 

-0.48 X 10 -T 

0.91 (2.0) 

3.4 

-8.9 

9/21 

20:25 

-0,80 X 10 • 

1.54 (3.4) 

5.8 

-15.2 

9/22 

02:30 

-0.45 X 10'* 

0.86 (1.9) 

3.3 

-8.5 

9/24 

09:17 

-0.70 X 10 * 

1.36 (3.0) 

5.1 

-13.4 


12:48 

-0.45 X 10-* 

0.86 (1.6) 

.3.3 

-8.5 

10/03 

21:36 

-0.82 X 10-* 

1.59 (3.5) 

6.0 

-15.6 

10/04 

05:10 

-0.37 X l(h* 

0.73 (1.6) 

2.7 

-7.1 

10/25 

04:16 

-0.20 X 10-» 

3.85 (8.5) 

14.5 

-38.0 


20:16 

-0.20 X 10-> 

3.85 (8.5) 

14.5 

-38.0 

10/26 

06:18 

-0.58 X 10-* 

U3 (2.5) 

4.3 

-:l2 

10/27 

11:36 

-0.51 X 10-* 

LOO (2.2) 

3.b 

-8.3 

10/27 

22:36 

-0.10 X 10-> 

1.9! {4.2) 

7.2 

-18.8 


23:34 

-0.50 X 10-« 

0.95 (2.1) 

3.6 

-9.4 

10/28 

21:42 

-0.80 X 10-* 

1.54 (3.4) 

5.8 

-15.2 

11/02 

16:00 

-0.68 X 10-* 

1.22 (2.7) 

4.6 

-12.1 

11/05 

03:19 

-o.eo X iCH 

1.91 (4.2) 

7.2 

-18.8 


20:23 

-0.42 X 1(H 

0.82 (1.8) 

3.1 

-8.0 

11/05 

21:48 

-0.85 X 1(H 

1.27 (2.8) 

4.8 

-115 

11/07 

00:08 

-0.36 X 10-* 

0.68 (1.5) 

2.6 

-6.7 

11/07 

18:26 

-0.11 X 10-» 

2.04 (4.5) 

7.7 

-2C.1 

11/06 

14:20 

-0.48 X 1(H 

0.91 (2.0) 

3.4 

-19 

11/00 

08:10 

-0.43 X 10 * 

0.82 (1.8) 

3.1 

-8.0 


08:09 

- 0.40 X IfH 

0.77 (1.7) 

19 

-7.6 

11/00 

10:10 

-0.75 X 10-* 

1.45 (3J) 

d.5 

-14.3 

11/10 

13:21 

-0.56 X 10-* 

1.09 (8.4) 

4.1 

-10.7 

li /11 

18:49 

-0.20 X 10** 

3.85 (8.5) 

14.6 

-37.9 


22:48 

-0.18 K 10** 

8.49 (5.5) 

9.4 

-84.5 

11/18 

83:54 

- 0.10 X io -» 

1.91 iiJt) 

71 

-116 

11/18 

10:17 

-0.48 X 10-* 

0.91 (10) 

14 

-19 

11/14 

01:41 

-0J6 X 10** 

0.50 (U) 

U 

-4J 


03:51 

-0J6X UH 

0.50 (1.1) 

1’ 

-4.9 
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Tabl« 27. Formation of cartain radiomatric data typos 


Data type 

Transmitter function 

Spacecraft function 

Rt^ceiver function 

Formation of 
data 

Doppler 

Transmit signal with fre- 
quency iff) generated by 
transmitting station frequency 
standard 

Receive signal and retransmn 
via transponder 

Receive signal wit!) fre- 
quency and compare with 
slntion frequency standard 

fr-U 

Range 

Transmit range code at time 
t, as measured by transmitting 
station’s dock 

Receive signal and retransmit 
via transponder 

Receive signal at time f as 
measured by receiving 
station s clock 




TaMo 2i. Summary of data uoad In dual^tatlon axparimant 


Date typa 

D5S12 

DSS41 

Subtotal 

Overlap F2 

205 

130 

425 

Meridian paasaga F8 

130 

63 

163 

F3 

36 

180 

816 

F2-F3 

35 

170 

806 

MU 

14 

0 

14 

Total 

' 

460 

850 




T«bl« 29. Estimated fraquancy offtata in mHz from E3, F2, and MU tolutiona 


Solution coda 

Weight 

Oct. 4 


Oct. 23 


Oct . 29 


Nov. 6 

(Tables) 

code* 

DSS 12 

DSS 41 

r^s 12 

DSS 41 

DSS 12 

DSS 41 

DSS 41 


1 

4.86 

3.42 

-e.cr/ 

-8.63 

5.13 

2.41 

-2.20 

A 

2 

4.97 

3.58 

-5.86 

-8.42 

5.25 

2.55 

-2.28 


3 

5.70 

4.35 

-5.64 

-8.20 

5.24 

2.58 

-2.62 


1 

4.66 

3.11 

-5.07 

-8.54 

5.08 

2.34 

-2.24 

B 

2 

4.86 

3.38 

-5.82 

-8.39 

5.24 

2.53 

-2.30 


3 

5.63 

4.22 

-5.62 

-8.1;. 

5.24 

2.58 

-2.64 


1 

4.62 

2,74 

-1.84 

-4.41 

5.38 

2.50 

-3.89 

j 

2 

4.78 

2.80 

-1.53 

-4.10 

5.53 

27. 

-3.86 


3 

5.04 

3.08 

-0.86 

-3.44 

5.60 

2.84 

-4.01 


1 

1.86 

0.37 

-6.94 

-0.20 

3.65 

1.85 

-4.17 

C 

2 

1.94 

0.10 

-6.82 

-0.26 

3.63 

1.45 

-445 


3 

2.92 

0.50 

-6.16 

-8.83 

4.05 

1.36 

-4.41 


1 

2.00 

0.56 

-4.10 

-6.41 

3.58 

1.62 

-5.35 

E 

2 

2.24 

0.49 

-3.74 

-6.20 

3.56 

1.26 

-5.65 


3 

3.03 

0.05 

-2.36 

-4.00 

4.12 

1.37 

-5.50 


1 

2.02 

0.42 

-4.07 

-6.38 

3.60 

1.M 

-5.28 

G 

2 

2.14 

0.20 

-3.79 

-6.35 

3.61 

1.33 

-5.62 


1 

2.03 

0.41 

-4.06 

-6.38 

3.61 

1.66 

-5Jft 

H 

2 

2.13 

0.24 

-3.78 

-6.24 

3.61 

1.33 



3 

1.88 

-0.20 

-2.80 

-5.43 

4.33 

1.60 

-5.31 


^Waightcoda: 



F2 

F3 

MU 

1 

0.015 Hz 

0.075 Hz 

150 m 

2 

0 iOHz 

0.015 Hz 

150 m 

3 

0.078 Hz 

0.015 Hz 

150 m 


TaMaM. Oaimoa coaa f p 


Numbar in 
Flfe44 ^ 

Tima bafoaa 
iMaftion, h 

anomaly, dag 

1 1 

9M 

88> 

t 1 

820 

180 

S I 

87j0 

104 

4 I 

5Bil 

m 

8 1 

844) 

•43 

6 I 

8M 

156 

7 n 

364) 

•• 

• n 

•84) 

104 

t n 

•44) 

116 

•LortdbriiVpfavbMk. 


Nnmbar in 
r»g.44 

P06 

Tima bMota 
taMfttawli 

Mann 

anoamly.aaf 

10 

n 

•8.0 

176 

11 

n 

•84) 

lOi; 

18 

n 

•84) 

•18 

18 

n 

114) 

•71 

14 

m 

18J 

•88 

18 

m 

16.4 

m 

16 

m 

114) 

18 

17 

m 

104) 

43 

!• 

m 

•4) 

88 


TT 
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Fig. 16 . SpacwraftACroHletaandforcw 
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Fig. 22. Comparlton of Novombor approach solution 
with currant bast astlmata 


DATA TERMINATION TIME, dgy> oflvr Oct 4, 1971 
12 1 5 1 8 21 24 27 30 33 36 39 41 



Fig. 24. THna history of B solutions from 
tha batch filter (set 2) 


DATA TERMINATION TIME, doyi oftgc Oct 4, 1971 
12 15 18 21 2/ 27 30 33 36 39 41 



Fig. 25. Tima history of parturbatkms In B caused by +7-m 
X and -f 3-m r, errors In all station locations using a batch filter 


DATA TERMINATION TIME, doy« oftar Oct 4, 1971 
12 15 II 21 24 27 30 33 36 39 41 



Flg.2S. Time hlsloiy of B»fisoliilions from 
the batch filler (set 1) 


DATA TERMINATION TIME, ofMr Oct 4, 1971 



Fig. 25. Timehlsloiyof l«ileeliilloiielorthe iO-'*|gii/a> 
pr o ce s s noise sequential fHler (set 1) 


jFi TKHMiaa. Rtraiir »ii 


ff 




DATA TERMINATION TIME, doyi affr Oct 4, 1771 
12 IS 18 21 24 27 30 33 36 39 41 

5900 


6000 

i 

<K 6100 

m 

6200 


Oct 16 19 22 2S 28 31 Nov 3 6 9 12 14 

DATE 

F^. 27. Tim* history of B tolutlont for tho 10-^* km/t* 
proctM nolM toquontiol flltor (tot 2) 


DATA TERMINATION TIME, 6oy» aTiw Oct 4, 1971 

12 IS 18 21 24 27 30 33 36 39 41 

6000 


61W 

J 

<m *100 

■ 

6300 

6400 

Oct 16 19 23 23 38 31 Nov 3 6 9 12 14 

DATE 
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Appendix A 

Definition of Spacecraft Trajectory Parameters and Associated 
Statistics at Closest Approach to Mars 


B a vector from the center ot Mars normal to the incoming asymptote of the spacecraft Mars-centered hyperbolic 
orbit (This conic is computed for the closest approach time.) 

S a unit vector along the incoming asymptote 

T a unit vectoi normal to S and lying in the ecliptic plane. T is directed very nearly th^ Sun. 

R a unit vector making up a right-handed RST coordinate system 

Tca the actual closest approach time of the spacecraft to the center of Mars 

Rca the closest approach distance of the spacecraft to the center of Mars 

$' the angle from the +T axis to the B vector measured positively toward + R (downward) 

SMAA the square root of the largest eigenvalue of positional uncertainty in the B-plane (The B-plane is normal to S.) 

SMIA the square root of the smallest eigenvalue of positional uncertainty in the B-plane 

0 the angle from the +T axis to the SMAA measured positive from +T toward — R. This is tho opposite conven- 

tion from the S' definition. 

The SMAA and SMIA form the semimajor and semiminor axes of the 40% dispersion ellipse; i.e., there is a 40% proba- 
bility that the predicted target point lies in a 40% dispersion ellipse centered about the “true” target point (seeFig.A-1). 
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t - INCOMING ASYMPTOTE 
• - MISS PARAMETER (tXt) 
t • PAIAUIL TO ECLIPTIC PLANE 
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Tf « LlNUfttZEO TIME OP FUGHT 
SMAA • SPMIMAX>R AXIS OF ERROR ELUPSE (Icr) 
SMIA - SEMIMINOR AXIS OF ERROR ELLIPSE (1^) 


Fig. A«l. Dtfinition of B-pIgnt piramttm 
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Appendix B 
Mars Mission Lockfile 


$*•*«*•«•« mars hission lockfile 

$ PHASE C VERSION 

$ 

* THIS lockfile is DESIGNED FOR PROCESSING REAL DATA ON HARS MISSIONS 



IT 

contains: 



1. 

THE ‘UNIFIEO* LOCKFILE 

JOOINA) 


2, 

TIMING AND POLAR MOTION INPUTS 

(ODINA) 


3. 

INPUT TO INSURE TRAJECTORIES 
ACCURATE ENOUGH FOR 0.0. 

(0DINA1 



MISCELLANEOUS INPUTS DESIRED 
BY 0.0. ON ALL HARS MISSIONS 

(OOINA) 


5. 

MISCELLANEOUS NON-TRAJECTORY 
INPUTS 

(ODINB) 


$ 

$ 1 , •«••••«««. 
$ 

SOP OOP 

OPT^'LOCKUP* f AFiLEr’LOCK’f BFILEr ♦ L OCK 2 • f 

• 

SINPUT 

SNOMINAL values of the input parameters -UNIFIED-C 0.2f 

SOPTRAJ/DPOOP OOINA- KKATIB- 3/2R/7I • 

SASTRODTNAMIC CONSTANTS t 


GHm=.2218159770£ 
GM(2)=.3248C01030E 
GH(3l=.398£0120e • 
GH( 4)=.428284439D£ 
GM»5)=.12S70771909 
GM( e) = .379<;GS2E8De 
GHJ7)=. 57877234607 
6MI ei=. 68905762707 
GH(9)=. 73240393505 


RAOim -.243504 • FL A Tl 1 > =0 .0 00 . 

RA0I(2I=. 605204 t FL AT (2 )=0.000 t 

RA0T(3I=. 63731604 t FLAT I3»= .3 35289186 £ 2 3C-2. 


FLAT (4 J=. 1050-1 1 
FLAT(5)=. 6670-1# 

FLAT (C l=. 10500# 
FLATI7)=.£2E0-1# 

FLAT (8) = . 1770-1 # 
FLATI 9)=0.000# 

FLAT (10=0.000# 
FLAmit=0.000# 

• C(1 1=299792.5(70 # 


RADI(4I=. 3393404 # 

RACI(5)=. 7137205 # 

RAOI(C>=.C04010£ • 

RADI(7)=. 2353505 # 

RA0I(e)=.2Z324D5 # 

RACI(9)=.7C1504 # 

GHI 101 =.1327124993908025D12#RA0I(ir)=.E 9599206 # 

6H(11>=. 49027334804 # RADI(11I=.173809C4 # 

AU(lt=149597393.000 # 6E(1)=6 3 7 8 .1492 5 6 92 76 1 0 TO 

BETREL( 11=1.000 • 0ANREL( lt=1.000 # 

<TIME AND POLAR MOTION TRANSFORMATIONS 

STP0( 11=86400.000# OT58(lt=32.1500# 0RFJ(1)=2433232. 500# 

RFJ0(3»=3HET i3HET . FRaC(ll=919263177t.0D0# FAKE1=2» 

t EPOCH# SEC PAST SO* A.l-UTC# RATE# 12 SETS# REAL INPUT IS TP 
IT(ll=S10101»TP(l)=.31536E8#9.92»g.0# 

IT( 4 1=990101* TP (4)=.1S463008E10»9. 92 #0*0# 

BEPOCH# SEC PAST 5U* A.l-UTl# RATE# 12 SETS# PEAL INPUT IS TP.t SAME EPOCHS 
TP( 401 =. 31 S36E8# 9.92*0.0* TP(43)=. 15463038110*9.92*0.0* 

8P0LAR NOTION* SAME CPOCHS**SEC PAST 5L * X*r*OX*CT* REAL TP* 12 SETS 
TP(1S1I = .31536ES*0.0*0.0*0.0*O.P* TR(lS6) = .lS46:»a08'lu* 

<NCU TRIG AND COORDINATE TRANSFORP ATION DATA 
$NOOE(3t FOR ALL PLANETS ♦SUN ♦NOON RESPECTIVELY 
C0ME6A(l*ll.-U.4773«59O2*-0.12SS9DC*-O.C90-3* 

C0NE0A( 1*21=0. 7622967D2*-0.277t500*-0.140>3* 

CO NE8 A(l* 31 =Q.174409S603*>b.2416C0C *0.600-4* 

CONEO A( 1 * ti| =0.491 719302* -0 .2947000 *-0. 0650 -2 * 

C0ME0A(l»SI=O.999433SC2*-0. 1672800*0.550-3* 

CONES A(l*6l=0*1132201S02*-0.259730O*0.C2D-3* 

C0NE0A(l*7)=O. 737452102*0. 66710-l*-0.0680-2* 
C0NE3A(l*8l=0.17X2295903*-0.5740-2*-0.29D-3* 

CONE8A(1*9I=3*O.COO* 
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C0MEG«(ltlal=C•17^<lb9Se03t-.^<llCeD0*0.eD-^l 
C0MEG»( It 1 U =0. 1 211279102 »-0. 1 93«H395290M *C. 208 id- 2 1 
$INCLIN*TIOK 50 FOR *LL PLANETS ♦ SUN ♦MOON 
CI50( It 11 = 0. 70038101 t-0.597D-2t0.10-5t 
CI50(lt21=0.339‘»1301t-0.e60-3t-0.3D-4t 
CISOllt 3J=0.0D0t0.13O76O-lt-O.90-Ct 
Cl 50( 1 1 4 I =0. ISSOCOOlt -0. 8210-2 1 -0.20-4 t 
CI50(lt5)=0.1 3059201 t-0. 2050-2 t0.30-4t 
CI50J ltG)=0. 24903G 01 t0.186D-2t -0.30-4 t 
CI50 (It 71=0. 77 30000 1-0. 1 360-2 1-0. 40-4 1 
CI50( 1.81 =0.1774F7DltCl.37D-3t0.8D-5t 
CI50(lt9)=3. J.ODOt 

CISO( It 10 1=0.000 t0.13U760-lt-C. 90-5 1 
CI50(lf 11) =0.514 539£Dlt0.000t0.00Ct 
»E»RTH-OBLTQ(4)tRA50(4)tOEC50t4)tOELT*5H4)t HA CCEFFiei RESPECTTVELT 
CEPSBEI 1) = 2 3. 44578886158033 6300 1-. 1301416 6 95 621 594 SO 0-lt 
CEPSBE(3)=-.9444Bl&418530-6t*.SOOC320391510-6t 
CEARTHt 1)=- .1 3435407922300- 5 t-.G40278flC9U 772 9573200. 

CE ART H( 3) =-.8394 80618963650-4. -.50003203915090-5 t 
CEARTH(5)= 89. 999993331731894600. -.5567500297 48845275 00. 

CEARTH( 7) :. 1185606931585290-3. .11 £1185 5131394 0-4 t 
CEARTH(9)= 89. 99999365645920 6800.-. 640273016001667635001 
CEARTHC 11)=-. 3042U7471150173D-3.-. 5083659064 7010- 5. 

CEARTHt 17« =0.1002737 9U929401. 0 . 24003 tC. 13007 5 54 260 42 03 . 

CE ARTH( 16 )=0. 3600076 9312U833D5. 0.38703330-3.0.5890-10. 

StARTH- COEFF OF PA(4). ARGUH. CF PERIH. < 3 ) » E A»T H LONGrT.13). RESPECTIVELY 
CERTH2t 1) =U. 3580006 81527803.0.359990456975 05. -0.155 0-3. -0.333330 -5. 
CERTH2(5)=U.287e7097D3.0.56494C0.0.09C-3. 

CERTH2( 8) =0.1744095603.0.11546901.0.370-3. 

SHERCURT-OSlIQ.II). nutations in long. ANC 06LIQ.(2)t HA C0EFI2). RESPECTIVELY 
CHERC(1)=3*0.')00. 0.343547203.0.613601. 

$RA50)2) .0ECS(i)2) .NUT.-L0NGI2) .NUT-09LIQ(2) .HA C CEF <2 ). RESPECTIVELY FOR 
tVENUS. MARS. JUPIT.t SATUR.t URAN.t NEPTU.t SUN. RESPECTIVELY. 

FLANV(I) =0.930225502.0.000.-0.689887702.5*0.000. 

PL ANV( 9) =0.31769558403. 0.148392401. 

PLANN(1)=0. 316853803. -0.9960-1*0. 53006602.-0. 5660-1.4*0. 000. 

PL ANN (9) =0.148672 50103 *0.35089136203. 

plan J(1)=0. 268044703. 0.000*0.64552802 *5*0. 000* 

PL ANJ( 9) =0.239751 03 *0.8779002* 

PL ANS( 1)=0. 384131402 1 0*000. 0.8331049C2. 6*0.0 CO. 0.844303. 

PL ANU(l) =0.7676102 *0.000.0 .149202. 6*0.000.0 .7 9676 703. 

PL ANNI 1) =0. 295571203. 0. 000. 0.414663 5C2. 6*0. 000* 0.617 14303* 

PL ANSUm =0.286019303* 0.000*0.63771802 .5* O.OOC. 0.42 5422500*0.141 643971602. 
tPLUTfl- RA50CD* CCCSOt 1) .MEAN AUTU* EQUIN. 1 1 ) . OBLI 0. II )• NUTAT. (2). HA* 
CPLUTOIl) =0.3138913603 *0.66364202 .0.6913587 02*3*0.000.0 .5633802* 

SMOON-LON OF NOOEIE*!) «AR6. PERIHI4). PAI4) M-OBLIQII). ESO N-OBLIOIll* 

8HOON CONTINUEO - FREE LlBRATION C0EFI3) * RESPECTIVELY 

CHOONI 1)S0.20-S.0.19673119803*0.6003163629C4. -0.124250-1* -0.1 40-4* 

CNOON I 6) =0.21553146303*0.4771988583106 f 0.9214 C-2 *0.14 C-4* 

CMOONt tot =U. 667900701*0.234457889902.0.341500*0.345803*0.18762. 

8C0EF OF LUNAR PHYSICAL LISRATION TAieit SB (51. RCI5) 

TA| 1) =1. 7 *51. 7.-1. 2 •4.2*-3.5»-16. 9*1. 0*15.3.10.0. 
SB(ll=-3.2t-10.6*-23.8*2.5*-100.7« 

RCm=-3.2*-11.0t23.9«-1.9*-98.5* 

•TRAJECTORY CONTROL • 

TEN0(3I=3HUTC.3HEJ * FBFL (ll=6HF0RMl0t OTFLIl) -6H AUT 0 t 
CRFLIlt^SHPCB f RSPH(lt=l. 205*2. 506*2.506*2.006.5.007*5.007* 

RSPH(7I=5. 007*8. 007*4.0C7*0.000»4. 004*2. 506. 

SINTEORATION CONTROL • 

RlXinO* P/C0P=3* CPSLa):l.0E-6* T0LR = l.E-9* rRNX=l.C-9» 

CRMN=1.E-14* HMAXIlt=591200.0eO« HMIN(1|=1.0E0* 


TICHNICAL RCKNIT S2-18M 





RLSdl =. 3D2>.3D2».302».302t .6C2t .E02f .CCZt .602 •.JOrt .766 04 » .302 * 

RLRa* II =5C3 .126 3*226 3. 3863. 6263 • ^o6 3 1 1 4063 . 16 20 . 4 •iltO* 

RLRC 1.2 1 =863. 1663. 3C63.8l;C3* 12063. 40063*60063*166*1 .666*2.666* 
RLR(11*2I=1620*0.U60* 

RLR( 1 *31=863*1663*3063*8063.126 63* 40L 63 *6 0063 *166*1 .866*2.866* 
RLRdl. 31 = 1620*0. 060* 

RLR (10 *51 =366 *566*1626* 

RLRd.5) =10063*20063*30063*40063.600 63. 80063.166*1.266*266* 
RLR(1C*4I =266*1620*0.060* 

RLR (1*4 1 =663*126 3*2563*6063*10063.30063*50063* 80063*1.266* 

RLR( 1 *6)=10C63 *20663*30063 *40063. 6 0063. 80063 *166* 1.266 *266* 

RLR( 10.6 1=366*566*1620* 

RLR ( 1*71 =10063 *20063* 30063 *40063*6 0063*801 63 * 166*1 .2 66 * 266 * 

RLR (10 *7 1=366* 566*1620* 

RLR ( 1*81=10063*20063*30063*40063.60063.80063*166*1.266*266* 

RLR (10. 8 I = 366* 566*1620* 

RLR ( 1*91=863*1663*3063*8063*12063*40663*60063*166*1.866*2.866* 

RLR (11 *9 1=1620*0. 060* 

RLR (1*10) =1620* 11* 0.060* 

RLRd* 11 1 = 563*1263* 2063*3063*456 3 *7063 *1620 *5*0.060* 
RLR(l*12l=12*U.06i;* 

S6RAVIT87I0N1L P6RTURB1TICNS * 

P6RB=11*1*6F1T(3»=2H6T*2H6T*6F2T(3)=2H6T*2H6T*6F3T (3»=2H6T*2H6T* 
6F1B(1I=6H *6F2Bd)=6H *6F3ed) = €H * 

0B8F = 6H6ARTH *.4* 

0B80 = 2.00C * 

Oe«R = .63781604 * 

0B/U(2I= .108270-2* 0B«C(2*2)= .15700-5* 0B*5(2*2t= -.89700-6* 

0BAJ(3I= -.256000-5* 06«C(3*1)= .21000-5* 0B«S(3*1)= .16000-6* 

0B«J(4)= -.158000-5* CSAC<3*2)= .25000-6* 08*5(3*2)= -.27CC0-6* 

0B*J(5)= -.150000-6* 08*0(3*31= .77000-7* 08*5(3*3)= .17300-6* 

0B*J(6)= .590000-6* 08*6(4*1): -.58000-6* 08*5(4*1)= -.46CCC-6* 

Oe*J(7)= -.440000-6* 06«C(4*2I= .74000-7* 08*5(4*2)= .16000-6* 

0B*C(4*3)= .53000-7* 08*5(4*3)= .40000-8* 

0B*C(4*4)= -.65000-8* 08*5(4*4)= .23000-8* 

0BBF=6HN00N *2*2*2* 

0880 = 4.004 * 

08BR = 0.17380904 * 

0B8J(2) = 2.0540-4 * 

0880(2*2) = 0.2310-4 * 

0eCF=6HN*RS *2* 

OBCO = 2.006 * 

08CR = 0.3393434 » 

0BCJ(2) = 0.1970-2 • 

fSOLAR PRESSURC t 

SC(1)=1.0408 *5*57(3) =3)(UTCt C*)I0(1 )=- .0303434700*. 6034298300* 
C*N0(3)=-. 7951296200* S«SP(1)=1.34D0* R6F6 (1)=6HC*N0PU * 

8ATTXTUD6 CONTROL * 

S«*T(3*1)=3HUTC*S**T(3*2)=3HUTC* 

86XP0N6NTZAL BBS LEAK * 

XSTREX( 3>1)=3HUTC*3H6T *XSTREXI3*2)=3MUTC*3NET * I5TPEXI 3* 3)=3MUTC*2HET* 
XSTPEX(3*l)=3HurC*3HET *XSTPEX(3*2)=3HUrc*2HET»XSTPEX(S*3)=3HUrC»2HET* 
BNOTOR BURNS * 

N*ir(3)=3HUTC*2HCT*H«2r(3)=3HUTC*ZHET*N*3T(3)=3HUTCi2HET*NAlK=.10-?* 
N*2K=.10-2*N*3K=*10-2*)(81T(3) = 3HUTC*2HET*)(B2T(3)=3HUTC*2HET* 
NB3T(5)S3HUTC*2HET* BURN(X)=3*X» 

«LXFr AND 0RA8 
SKFd) =1.00-6* 

SHS = 3*004* 

8TRAJECT0R7 XNXTXAL CONOXTIONS * 

ZNES=6HC*R7ES*IX*X=6NSP*CE *XCEN=6ME*RTH «OZEQ=19SO*000 * 

ZCRX(3I=SHET *3HE1 •XZAX=6NE*RTM tSHNEAN i6HE0U*T0* OEOX (3 )=3HET * 



0Nes=6HC«RTCSt0X*X=6HSPACC * CCCN=CHCARTH « 02XX-6HCARTH t6HNC«K * 
OZ«XI3t=6HroU*rOtOOCQ=1950.0DOt PHZL=2a.30300>ITIMI3)=3HUTC* 

ITOP = $HSPHER1« OTOP =6HSPHER1» 

$TR«JECTORT OUTPUT CONTROL > 

FlLE=l»HpEP=1.008»SKlP=X«EPSN=.10-5tPRTT«ll=l»ETim3»=2MtTt2HET# 

LAetm = 3a*(>H • p«GEm=ia*&H t 

MR0SP=6HC-0 t 

aBST(3*ll=2HETt2NETt«eST(3t2T=2HETt2HETtaBSTI3 t3) =2HET <2HET t 
aaSTt 3*R}=2HET*2HET«aBST(3t5}=2HET*2HETiae$II3tSt=2HETt2HET« 
PBSTI3t7l=2HETt2HCT>ABST(3tat=2HETt2HET«a6ST(3t9l=2HET t2HET* 
a8STl3*10t=2HET*2HET«PCBt2S*li=2HET*2HETfPCEt25«2t=2H£Tt2HET* 

CRPLUt = GHEXTERN* 

PCB( 25* 31=2 NET* 2HETf PC8<2S tR t=2HET*2HE'< *PCe< 25*5 t=2HET*2HET« 

PCB (25 *G > =2HET *2HE T *PCB (25*71 :2HET*2HET*PRT(3*lt=2HET*2HET* 

PRT(3*2I=2HET*2HET*PRT(3*3}=2HET*2HET*PRT(3*RI=2HET*2HET* 

PRT(3*5I=2HET*2HE;*PRT(3*6I=2HET*2HET*bRT(3*7I=2HET*2HCT* 

PRT(5*1}=6HSIN6LE*PRT(5*2)=GHSIN0LE*PRT(5*3)=6HSIN0LE* 

PRT(5*RI=6HSlNGLE*PRT(5*5ir6HSXNGLt*PRT(5*GI=6HSZNGLE* 

PRT(5*7)=6HSIN6LE* 

PCB(1*1}=6HSUN *PCe(3*ll=l*2*PCB(l*2) =6HE«RTH * PCS (3*2 1=1*2* 
OPR(l*l}=19SO*000*PRT(6*ll=6HEaRTH *6HEARTH »CHHE*N *6HEaU«TC* 
PRT(12*1I=6HSUN *6HE«RTH (GHHEAN *€HORBZTa*PRT (2R*1 l=GHSUN * 
PRTtG*2)=6HE«RTH *6HE«RTH *6HTRUE * 6HE0U«TC*PRT (12*2 1=6HSUN *CHE«RTH * 
PRT(1R*21=6HTRUE *GHOR6ITA*PRT (2R*2l=GHEaRTH * 
aeaRTH STSTIONS data* station location set LS2B> 12/25/7a 


AE =637 a. 16 0(1* OPTESdl =12* 1900.0500* 

STANANdtll = 2RHG0LOST0NE PIONEER * 
STANAN(1*21 = 2RHG0L0ST0NE ECHO * 
STANAN(1*3I = 2RHCOLOSTONE 210 FT * 
STANAM(1*RI = 2RHU00HERA * 
STANAH(l*St = 2RHCAN6ERRA * 
STANAH(1*61 = 2RHJ0BUR6 • 
STANAH(1*71 = 2RHR0BLE0C * 
STANAN(1*8) = 2RHCEBRCR0S * 


ES(1*1I=11«6HHA-0CC*6HC7LIN0» 

ES ( 1 • 2 1=12 *6HNA -OEC tCHCYLlNO • 

ES(1*3I=1R*6HA2-EL cGHCVLINO* 

CSa*RI=Rl*6HNA-0EC*6HCVLZN0* 

ES(l*S)=R2*8NHA-0ECt6HCTLXN0* 

ES(1*6I=51*CHHA-0EC«6HC7LZN0* 

ES(i*7l=61*6HHA-0EC«6HCrLXN0* 

ES(1*SI=62*6HHA-DEC*6HC7LIN0* 

ES OAT A( 1 . II =2R3 .1 S0613R00* 3673 .763 00* 5206 .3915 93 00* 

ESOATAI 1*21=293.1995% S300*3665.62800*5212.0S319200* 

ESOAT At 1* 31 =293.110999900* 3677 .052000 » 5203 .99652600* 

ESOATAI 1*91=136.167521600*- 3302.29300*5950 .19897900* 

ESOAT At 1*51 =196.96127500*-3679 .69600*5205 .350537 00* 

CSOATAt 1*61=27.6659110600 *-2766. 79900*3792.99206100* 

ESOATAt 1*71 =355.750977900* 9119.66500*9662.60760600* 

CSOATAt 1*61=358.6322170700* 9116.90600*9660.61759900* 

HVM ANT t 1 I =2NCT *2HE T * 

STAOOrt 1*1*11=2. *0.0* 270.78*9*0.0*77. 630269* 

STACOFt 1*2*11 =1.*77.630269*-.10319291C2*-. 20803256* a9966619E-l* 
-.29090626e-3**63630960E-6*113.0* 
STAC0PI1*3*1I=1.*113.0*-.92S79919E2*-.56269155*.25667296C-1* 
-.20969925e-3**96992086E-6*166 4299518* 

S T ACO Ft 1* 9 * 11 =3 . * 166 .099 518 » 311 .61 6*9*0 .0* 200 .05731 * 

STAOOFt 1*5*11=1. *200.eS731*-.1696S6S7C3*-.S8S706 91*. 76992200C-2* 
.16166260C-9*-.lSU3791C-C*226 .0* 

STAOOFt I*6*lisi.*226.0*-*19S56S92C2*. 51995199*-. 39397366C-3* 
•.17tSB216C-9*.982i73T0C-7*272.6O196* 

STACOFt 1*7*11=2. *272. 60196*90.022*9*0 .0*360 42* 
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ST«C0riltl»7|ri.»0.0t5.2ti>«0.0t360.0t 
ST«C0F|ltl<3) -S.tO.Ot^S.ESilfH^U.OfZS.eTOESZf 

ST«C0F(lt2t3l =l.t25.870eS2» .33039S22Clt-.12721327t.3E29e&C9r-r t 
-.9705163«»E-«I..X786e<l75E-E*Se.0'»9e27f 
ST«COrci*3t3l =2. t98. 049627 12&5. 788 t<>*(j. 0 tl 8 D. 0 t 
ST«COF( l*4»3)=2.t 180.0«96.246t4*0.0>258.130e7« 

ST *COF( 1#5# 31 n.f 258. 1306 7f-.l 24873 71E1#-. 836 267 t'9E-I. .36771227 6-3. 
.45273767E-6.-.217470136-e.232.99425. 

STACOFI 1.6.31 =3.. 333. 88425. 48. 684. 4*0.0.360.0. 

STACpF 1 1.1*41 = 3. .0.0.47.992.4*0. 0.15. 331349. 

STACOFi 1.2.41 =1.. 15. 331349. -. 4461125661. .110CC93361.-. 480647 026-1. 

. 947498196-3. -.6391 354 36- 5. 69.0. 

STACOF( 1.3.41 =1. *69. *.5371676262.- .106291156 1 * .279880046-2 . 

.803976556-4*-. 468640566-6 .121. 324 50. 

STACO Ft 1 . 4.41 =2.. 121 .32450. 257. 264 *4*0.0.180.0. 

ST ACOFd. 5.4 )=2.t 180. 0.100.262.4*0.0.246.39012. 

STACO Ft 1*6*41 =1.*246. 39012 *-.27832 S3 762. .319 888 79 *-.85958835 6-3* 
.293686436-6*. 515620416-9 .3 36. 7922 9. 

STACOFI 1*7*41 =3. *336. 79229* 47. 992*4*0.0*360.0* 

STACOF 11*1*51=3. *0.0*49. 6* 4*0. 0*27. 014 899* 

STACOFt 1*2*51 =1. *27. 014899* . 6246630662*-. 502 34724 61 * .15769151 * 
-.213968496-2*. 106365286-4*65.0* 

SrAC0F(l*3*5t =1. *65. C*-.347912S6C2*. 62662482* .805565206-2* 
-.183215126-3*. 812609816-6* 104 .02914* 

STACOFI 1*4* 51 =2. *104 .02914 *265. 774 *4* 0.0*180 .0. 

STACOFI 1*5. 51=2. *180.0* 90.374* 4*0.0. 265.03513. 

STACOFI 1.6. 51=1. *265. 03513* .1 386707063*- .354752 90. .111348076 -2 . 

-. 211130096-4*. 551204216-7 *296.0* 

STACOFI 1.7*51=1.. 296 .0* .4229236661 .-.63536572 * .226710886-2* 

. 535761396-5*-. 191 330176-7* 334. 99321. 
STAC0Fll*8*5t=3.*334.99321*49.6.4*C.O*36C.&* 

STACOFI 1*1*61=2. *0.0* 255.864.4*0.0. 64. 77292«* 

STACOFI 1.2.61 =1. *64. 772825 .-.33371 60362 * .942 17241 •- .75527187 6 -3. 

-.119674876-3*. 691632236-6(118.0* 

STACOFI 1*3.61 =1. *118.0*-. 2346073662*. 5613201 3*- .256 C12C36-2. 

-.615843566-5*. 401691106- 7*174 .17944* 

STACOFI 1*4*61 =3. *174. 17944 *311. 144 *4*0. 0*188 .39406* 

STACOFI 1*5*61 =1.* 188 .39406 *-.26884192 62* .164 394 55 61 *-.124481 716-1* 
.140236596-4*. 521710476-7*218.0* 

STACOFI 1*6*61=1. *218.0*-. 2130388361*- .458512906-1 *-.156 101076-3* 
.464216536-5*-. 111587416-7*294. 42224* 

STACOFI 1*7*61 =2. *294 .42224 *102. 428 *4*0. 0*360.0* 

ST1262I 1*1* 11=2. *0.0*266. 840*4*0.0*76.0* 

ST1262I 1*2*11 =3. *76. 0*13. 958*4*0.0*78.0* 

ST1262I 1*3*1 1=2. *78.0*270 .05*4*0. 0*89. 74584 5* 

ST1262ll*4*ll=l.*e9.745845*-.40eS5151E2* .928433096-1* .717397226-2* 
.267678126-5*-. 41801S296-6.93.0* 
ST1262tl*5*ll=l.»93.0* .5275764162* -.92072263 * .220932886-2* 

. 320512176-4*-. 142952636-6 *156. 83989* 

ST1262a*6*ll =3. *156.83989*311 .45*4*0.0*18$ .76166* 

ST1262I 1*7* 11=1. *185*76166*. 1922469363*- .10424344 61*-. 31354826-1* 
.31652356-3*-. 787485856-6*192.0* 

ST12621 1*8* 11=1. *192*0**1260C70SC2*-. 15106728*. 399300366-3* 
.298836206-S*-.111036256-7*269.914e6* 

ST1262I 1*9* 1|=2.*269.9148C*I9.466*4*0 .0*281.0* 
Sri262fl*10*ll=3.*281 .0*13.958*4*0.0*285 .0* 

ST1262I 1*11*11=2. *285.0*96.012*4*0.0*360.0* 

$7126211*1*21 =2.*0.0* 255. 47*4*0.0*63 .302922* 

ST1262< l*2*21=l.*C3.302922*.S1464S1362*-.8e6106 96*-. 106416816-1* 
.259901 196-3 * • .121 7C14 76-5 * 11 2 41* 

$712621 1*3* 2)=1. *112.0*- *2118137463*. 3724039761*- .74297204*’-2« 
-.XS3S8C376-3* .672082906-6 *1S1 .C* 
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ST1262t 1.H»2):1.»151.0*.19703508E3.-.17**3731C1..1G7739«2E-It 
20529 335C-3* .7586 t519E-6 • IE 9.0* 

ST12e2( 1* 5. 2) 383411)4 752* -.12 £81602*-. 891 5962CC -3* 

-.12234077t-5.. 2160 75876-7 *200.0* 

ST1262I 1*6. 21=1. *200.0 *.1243730062* .424430896-2.- .166357166-2* 

. 940978536-5* -.133396966-7*246.0* 

ST 12621 1. 7. 21 =1.* 240. 0*-. 2S341854E2. . 75487679. -. 2941295 5 E-’* 
-.678734836-5* .333122956-7*265.6* 

ST1262I 1*8«2I=1.*265.0*-.2385231!E2* .2230691961 »- .1 1 365 3436-1* 
-.258407366-5 *.5384 84706-7 *280.6* 

ST 126 21 1*9*2)=!.* 280.0*. 3169616063 *-.21 83043761 *.25001679 6-2* 
.102074586-4* -.1986 98096-7*291. 5 3185. 

ST1262( 1*10*2) =2. *291. 53185* 102. 176 *4*0. 0*360.0* 

SS8VE AND PLOT TAPE* 

SPHUTM=3H6T * 3HET * FEfiP = 21* TLANCH I 3 ) =3HE T *3HET • 

TIMJI3):3HCT .’MET » 

MUSPTll)r3HET *3HET • 

$ ••••••••••••• 2 . •**•••••••••* 

i • • • • TIHINO AND POLAP MOTION 

t 

8 THIS CAUSES THE LOCKPlLE TO PRPOCUCE 
« ZERO TZNINO ARC POLAR MOTION CORRECTIONS 
IT(1) =S00101*TPI1)=U. 0*0. 0*0.0* 

IT(4) =99Q101*TPI4)=. 15463008010*0. 0*0.0* 

S END or TIHINO DATA 

• 3. **••*••*•••** 

« • • • • TO INSURE ACCURATE TRAJECTORIES • • • • 

CRHX=1. 6-14* ERNN=1. E-19«T0LR=1. 6-14 *PCCP=0* 

t ••••«•••••••• N, •• •••••• 

S • • • • COMMON DESIDERATA FOR O.C. ENGINEERS • • • • 

S 

PCB(l*l)=»EARTP»* PCBf3*ll=l* t EA»TH Pi'ASE 

PCB|1*2)=*SUN* * PCBI3*2)=1* t SUN PHASE 

PCBll*3)=*HARS* * PC6(3*3)=1*Z* 4 MARS PHASE 

PCBI103*3)=2* 8 CONTROLS PERIAPSIS P»INT 

DPR|1»1)=195U.D0*PRTI 5 * 1) = *OOUCLE * * 

PRTT e*l)=«CARTH**«CARTH***MEAN«**E0UAT0***MAPS**0* 
PRm2*3):*SUN***CARTH*.*HCAN*»*E0UAT0***HARS**0* 

PRTI24*1I=*SUN*»»SPACE*»»CARTM»**MEAM»* ’CRPITA** 
PRTf41*l)=l**MARS** 

OPRtl»2l=19SO.On*PRTt S*2)=*00UBLE* • 

PRTI 6*2):*MARS*** EARTH* **MCAN*>*6QUAT0* *0*0* 

PRm2*2t=6*0* 

PRTf24.2)=*HARS***SPACE*.*CARTM***PtAM*.*0RBITA** 

PRTI41*2)=l**HARS*t 

SAsrst* 

FAKei=0* 

op*:no=i* « 

) 

•XNPMT2 

« ••«•••••••••• 5 , ••••••••••••• 

t • • • • NON T'^AJCCrORr inputs • • • • 

« 

baccunc intut 

INANeS=SaO«* **NANANSs70«* **NUMFIL= 1 * 

< CSP INPUT 

0ANAPS:2S0** •• 

0ANAHS*1*0XI:*ALL *• OANANS 11*021 =*RCSZD* t DANANSI1*03 l^'OOPPLCR* * 

0ANAMSIX*0«ts*Fl** DANANSIX*0S)=*P2** OANANStX*On=*P3** 

0«NANSIX*07i:*F3C** OANANS tXtOS) :*0R*» OANANSIX*09 )7*MN0C *• 

OANBNS(X*lUi:*ETir* 0AN8NSU* XX |3*R8IINX** 08NANSI1*X2I:*R*RRXA** 
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lif^\Wj. 


0*N«HS(ltl3>:'T»U»^ 
o»N»“sa*i 6 » = **:’, 
0»N*NS(ltldJ=’DE:'» 
0»N»MSUt?:> = *XS3’f 


0«N«HS 

0»N»»*S«1.17|t«EL*» 
D*N*MS(1*20I :’X30*t 
0XN»»*S»1.33):*T8S't 


DANAMSIltlS lr*«NGLrS»» 
D*N/mSI I.X8»=»H»»» 
0«N«>*S(lt?I I=*T30»» 


D«NUMS=0>5tl0»ntl2f 13»l«f21t30*31>32t33»3<»t3f t’;0tSl»5Z tS3»SHt55t5C*S7»f 8> 


* REOBES TN»*OT 


e*SE= 2»2C.06»9CC.D6t22?Q.C6» P»RH.S:7C«* »t FL*N0=2»’ *t 

BNDCON' 111 i:229S.SO(;tl.OOflO».253393EE51584COt 1.06 tlOB*2S3332Ce<15S«OC» 

BNOCONf li2i:2298.50E.1.00.32 .E791355203H9300i l.Oti 32 .5 79185b20361990E.» 

LTCRIf=1.0-7.N0LT=5i 

t OUTPUT INPUT 

PLOT TP 3»F2* I’TXU’i’NlRKlA’iPLSCiLH.liZ^iau.iNHPrlZ. IPFL«G=3 • C 8« Si 2 1 £• 2*5 • 
RSTM1):*0SN ll'i’DSN 12*i*0SN 18*»*0SN %1».»0SN «l2’t*DSN 51*i*0SN Sl*i 
’OSS 62* I’CPCRFT* iG*» • i PR SOL-266 • * ’i 
PST»C1»=*CSN ll’t’OSN 12*i’0SN IR’i’DSN Rl’t’CSN 92’i’CSN Sl’i’OSN 61’i 
•OSS 62’ I’SPCRFT’ io»’ ’iPESOL^ZGe*’ ’i 
6PL0T=0i SECLlNrsOOi 

t SOLVE ISPvT 

LUC0N=86. 3135O190865916C0iEST = 7O* * ’iCCN:?!:*’ ’irxCN:2*’ • i*PN* «*S-70*’ ’• 
OB=l.iQC=l.i 

EPSl=l.E-3CtEPS2rl.E-30iSV0=liS0LPRP«Rint S0LPRPT8 )-ltli 


SOLPRPI 10)- If 
TEST8=1 .iTTN«X:1i 
CT 0LR2l.E-5iCITLlH=5# 


t UPDXTE INPUT 
$ M8PGEN INPUT 
SGENER8L IN^UT 


T0SEE=10«iT0KEEP:6iT00PUe=R3i EOFLAG:! • 

RGPLN0-17i8SfR6i87iR8f 

L«6L:38** ’i 

4*00 HN71*TS»COECKS.TRePCST»flLES/ICW-39l3-352 

*h8psen input 

H«PRP=QiltPRP0ST:*PRE*iEIGEN:2O** ’i 
0PEN02=lf 

8 

80P00P 

ePt=»0WNC00’f*riLC=’L0CK»iefILC=’L0CR2 •• 
0NNSTR3’00tN8’»* COINS’ I 

8 

: 

8INPUT 

OPCNO=li 8 

Stl^UTZ 
OPCNOZ=li 8 

1 

CNDCSP 

80P00P 

OPTs’STOP’i 8 
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Satellite Orbit Determination 

J. F. Jordan, D. H. Bcggs, G. H. Born, E. J. Christensen, A. J. Ferrari, D. V. Green, 
R. K. Hyikema, S. N. Mohan. S. J. Reinboid, and G. L. Sievers 


I. Introduction and Summary 

The satellite phase of the Mariner Mars 1971 (MM71) 
mission began on November 14, 1971, at 00 h 42 min UT, 
when the Mariner 9 spacecraft was injected into a Mars 
orbit by a 1600,5>m/s maneuver. The k itial orbit had a 
period of approximately 12 h 37 min. 

The selection of the original elements for the Mariner 9 
orbit and the strategy of subsequent trim maneuven were 
arrived at on the basis of sdence and propellant con- 
straints (Ref. 1). The selected mrbit maximized the longi- 
tudinal and ladtudinal coverage of the planet, ensured 
early Earth ovcuhations, no early Sun occukatioas, and no 
violatioa of propellant constraints. 

The first orbital trim maneuver was performed by a 
154-m/s bum near the fourth periapsir passage. The bum 
corrected the period to 11 h 58 min ar>d synchronized the 
periapais passage with the zenith of the Coldstone station 
to m axii n ize the sdence data return, as discussed earlier. 

After sufiBdent data were available to more accurately 
determine the mean orbital period, a filJ^-m/s trim was 
performed in revd*ition 94 to resywbronize pertapsis 
passage with the Coldstone zenith and to increase the 
periapsis altitude. Approximate values of die initial post- 
trim 1. and post-trim 2 orbital elements of Mariner 9 are 
given in Table 1. 

Mariner 9 continued to orbit Mart at a ‘live'* spacecraft 
untU October 27. 1972, at 17 b 41 min UT. when the last 
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.signal fro'H the spacecraft was received. Thus, the live 
satellite phase of the mission endured for approximately 
.'147 days 17 h. 

A precise knowledge uf the orbit of Mariner 9 was re- 
quired throughout the satellite phase of the mission. Tlie 
various necessary orbit determination tasks were to 

(1) Converge to au orbit solution using data is the 
first orbit revolution and supply, at that time and 
throughout the remainder of the mission, predicted 
trajectories for observable prediction and traddng 
station frequency tuning purposes. 

(2) Determine the predicted orbit, fitnn data in the first 
three revolutiom, to compute the first trim maneu- 
ver at the end of the fourth revolution. An accept- 
able trim was dependent on a predicted orbital 
: eriod in the fifth revolution accurate to 3.0 s, and a 
determined hei^ of periapsis passage accurate to 
IJf km. Orbit determination support was also re- 
quited for die second orbit trim. 

(3) Provide trajectoriea udiidi located die predict d 
pos W oii of the s pacecraft to an accuracy of 10 km 
in die *4afdan plane of the sky for a period of 
1 week into dw future. This requtoeouid, die pcovi- 
tioo of predicted trajectoties ht science s e qu ence 

pHnnim , wlS CM OMMC OTOK O0WBIUMf* 

don (OD) req ui renient end wee inqioeed M eD 
times wbm seen pletfarm m en e w ver s were immi- 
nent Hm lOJon eccunoy requirement is eonsiilmt 
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with a maximum science instrument pointing uncer- 
tainty of 0.5 deg. A total of more than 7000 TV 
images, 50,000 UV spectra, 20,000 IR spectra, and 
400 S-band occuitation measurements of the Mar- 
tian surface were obtained on the basis of the pre- 
dicted trajectories. 

(4) Provide Tmal trajectories throughout the regions in 
which visual images and spectra were obtained. 
T"hese “smootii” trajectories were determined from 
local doppler data and did not involve extrapolation 
beyond the data interval The smooth trajectories 
provided the final best estimate of the spacecraft 
position at science data-acquisition times. 

(5) Supply Earth-to-Mars pseudo-range measurements 
for use in the relativity effort of the celestial me- 
chanics experiment. These constructed Earth-Mars 
range data, referred to as “normal” data points, 
were obtained at the times of MU ranging and were 
constructed as described in Subsection IX. 

Orbit Determination activities performed by the Satel- 
lite OD Group are outlined in Table 2. The staffing level 
shown in the table was maintained throughout most of the 
satellite phase of the mission. 

The processing software used by the Satellite OD 
Group to process data was identical to that used by the 
Interplanetary OD Group. This software, which was oper- 
ational on the UNIVAC 1108 computer, is described in 
the Interplanetary Orbit Determination section. 

This section is concerned primarily with the history of 
the activities of the Satellite OD Group during the MM71 
mission and provides an assessment of the accuracy of the 
determined orbit of the Mariner 9 spacecraft. The results 
of the pre-flight studies are reviewed, and the major error 
sources described. The tracking and data-fitting strategy 
actually used in real-time operations is itemized. The 
Deep Space Network (DSN) data available for orbit fit- 
ting during the mission and the auxiliary information used 
by the Navigation Team, such as the nongravitational 
force models from attitude control sensor data, TV imag- 
ing data, planetary ephemerides, and astrodynamic con- 
stants, are described. A detailed orbit-fitting history of the 
first four revolutions of the satellite orbit of Mariner 9 is 
presented, with emphasis on the convergence problems 
and the delivered solution for the first orbit trim maneu- 
ver. The results of sensing the gravity field of Mars and 
the direction of its spin axis are discussed, and a sum- 
mary history of the predicted and smooth determined 


trajectories is given. Also included are a solution accuracy 
summary, the history of the spacecraft orbit osculating 
elements, the res\ilts of verifying the radio orbit solutions 
with TV imaging data, and a summary of the normal 
points generated for the relativity experirr.ent. 

II. Satellite Orbit Determination Pre-flight 
Studies 

A. Scope and Methodology of Pre-flight Studies 

The problem of deteriiiiuiug the orbit of a spacecraft 
around a planet is vastly different than when the spacecraft 
is in interplanetary cruise pliase. A spacecraft in cruise 
phase experiences very low accelerations; thus, the infor- 
mation content of Earth-based data is as much dependent 
on the motion of the tracking stations on the Earth's sur- 
face as on the motion of the probe itself. Therefore, the 
requTement for accurate station location values consistent 
with the planetary ephemerides is vitally important. 

A spacecraft in a planetary orbit experiences relatively 
high and rapidly changing accelerations, which give 
Earth-based data a high content of information about the 
spacecraft motion relative to the planet. Dependence of 
the orbit solution accuracies on the motion of the stations 
is thus reduc‘ed considerably, while other sources of errors 
become dominant, Exttmsive pre-flight OD studies were 
performed prior to real-time operatic.is for reasons that 
included the following: 

(1) To further an understanding of the technical aspects 
of the satellite OD task in terms of the ^sensitivities 
of the solution accuracy to quantity and pattern of 
tracking data and geometry. 

(2) To identify the most probable major model error 
sources for the OD task and to understand the 
influence of such model errors on the solution 
accuracies. 

(3) To develop an operational strategy, or sequence of 
solution computations, suitable for performing the 
OD task. 

(4) To demonstrate effectiveness of the personnel and 
software to complete the OD task in a competent 
and timely manner. 

All of these aspects of flight readiness were addressed 
in the Mariner 9 pre-flight studies. Tlie studies employed 
two distinct methods of analysis. In the 2 years prior to 
encounter with Mars, the dynamic and geometric proper* 
ties of the satellite OD problem were studied using the 
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nu'tliods of t'ovarumcv aiiuKsis, In lli;‘ last fow months 
hofou' oncoiint(a\ (*\tonsivt' simnlation wtat* oon- 

diictod in a sinnilatod onvironmont whioh was dosipnod to 
rotU'ct the prt'dictrd r<' d-tinu* conditions as accuratc'ly as 
possible. The simulation e aavisc's were useci to tc\st proce- 
dures and \c'rif)' tlu' solution accuracies predicted from 
( ox ariance analyses. 

riu* rc’sults of tlu‘ pn‘-lliuht studies dischist'd tWi) dis- 
tinct OD related difficulties of major importance in the 
satellite phase of the mission. The first was the* convcT- 
gence problem, which arises in thi» differential correction 
estimation proc'edure and is caiisc'd b\ the cffc'cls of non- 
linearities. The second difficulty involwd the liniitations 
imposed on the accuracy of convc'rgc'd orbit cstim itcs by 
the a priori lack of knowledge of the structure of the 
ivlartian gravity field. Tlie remainder of this section sum- 
inari/es tlu' statc‘ of tlu' art prior to the Marima' 9 mission 
in relation to thc'se t\xo problems and outlines the solu- 
tion strategy that was eventually employed in actual 
operations. 

B. Orbit Convergence Problem and Partial-Step 
Algorithm 

L Problem statement. Nonlinearitics result from the 
inability to accurately relate finite deviations in the data 
to deviations in the probe state with first-order partial 
derivatives. The coiivergence problem, which arises with 
a Mars orbiter because of tlie effects of nonlinearitics, 
was recognized some time before tlie Mariner 9 mission. 
Full-step, weighted, least-squares differential corrections, 
which are entirely adequate for interplanetary OD, were 
shown to lead to divergent results in many cases, even for 
small initial state errors (Ref. 2). To deal with the diffi- 
culties associated with nonlincarities. a rank deficient, 
partial-step differential correction algorithm was imple- 
mented in the ODP. The partial-step method uses an 
a priori covariance matrix to automatically constrain the 
relat^/e magnitudes of individual components of the solu- 
tion step in the eigenvector space of the normal matrix, 
thereby reducing the probability of taking divergent 
steps. The theory of the partial-step algorithm is given 
in Ref. 2, where the results of a preliminary OD conver- 
gence study for MM71 are presented. The final preflight 
st«i: .9 of the tested ODP orbit convergence capability is 
given here in terms of the results of test cases on the mis- 
sion. The region of convergence is compared with the pre- 
flight predicted orbit error caused by maneuver errors 
and encounter phase OD errors. 

2. Predicted OD accuracy at initial periaptif. The 

orbit knowledge error at the termination of the Mars orbit 
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iusf'rtion (MOD inanciiN't'i* is composted of thr ciKoiiuter 
ph..st‘ OD error and tlu‘ state' (‘iror eausec^ by ('irors in 
ovceutiiig the spaexeralt inst'rtion maneuver. l*'ig\ire 1 
illustrates tlu' imeounter phase Ol) uneertainty for 
(loppli'r trai'kiug of tlu' spacecraft from K 30 »ys. 
Plottc'cl in the figure' .ui' the rss position and rss Xvioc'ity 
\me('rtainta‘s at hypt'iholie pc'riapsis, in an ar^'oeentrie 
earU'sian c'oordiuale syslc*m. as functions of the' time' at 
which tlu* tracking is terminated. Error assumptions used 
to de ri\ c the* curves in Fig. I arc gix cii in Table 3. 

The accuracy ohtaiuexl from the proce'ssiug of tracking 
data up to E - 1 h \^is taken as a nominal e'X]X'cte'd figure 
he'cause roll mancuvi*rs were to he* made in the last hour 
in preparation for the MOI mancuve*r. At the initial peri- 
apsis, the*se aeeiiracic's were* 

3 ir (rss jiosition) - 30 km 
3 tr (rss ve'locity) -- 20 m s 

3, Maneuver errors. The state knowk'dge uncertainties 
at the initial periapsis cause^d by errors in the MOI ma- 
neiu'er were expe'cted to be well within the folloxnng 
lolerance*s : 

3 if (rss ixisition) ^17 km 
3 if (rss Ve'locity) ^ 49 m/s 

Because the OD and maneuver errors were expected to be 
uncorrelatcd, thtse individual errors xxere combined to 
yield the following total 3-<y state knowledge uncertain- 
ties at the initial periapsis: 

3 (T (rss jx)sition) ^ 34 km 
3 tT (rss ve'locity) 53 m/s 

4. Results of partial-step method and worst direction 
for errors. Several studies were completed using the 
partial-step algorithm to aid in OD convergence. Although 
errors in all directions in the state space led to convelr- 
gence with the partial-step method, some directions ap- 
peared more favorable than others. A worst direction for 
enors at initial periapsis was found; the convergence 
region for this direction yielded a conservative estimate 
of the capabilities of the partial-step method. To get an 
intuition of the worst direction for an initial state error, 
the doppler time history for a planetary satellite like 
Mariner 9 (shown in Fig. 2) must be considered. If the 
solid line represents the real data and the broken line the 
predicted data based on an a priori state at periapsis, to 
and tx are the first and second periapsis times of the true 
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trajoi'loi \‘ tlu* n<‘iu‘iatoi ol tl)r ival t.i. riu* ttilhnxiiig 
ronvvr^tMK'o c lKirai-'tt'nstii's wt'ii' cl \u a!ini)st all 

of llu' partial-stc'p cast's ohst'nt'il to Jatt'. wlu'iv t repre- 
sents tlu' end ol tiu' data span puut sst'd [ior all east's 
t ' the prt'dic'ted orbital piTiod': 

n If the second pt'riapMs t)f tIu' true tra|i'c tor\- is not 
itu'liulcd in the rt'al data— i.e.. if / f,— tlien c'On- 

Nt'r^ence is tibtainetl. 

If die vei'ond periapsis is inchult'd in tIu' rt'al data- 
i e , if f t;— tlu'u convei i^eiu't' is luit obtained. 

riu'St' t>l>st'r\ ations h'd tt> tlu* c'onclnsitin that tlu' presence 
of an nncxpi'cti'd penapsi> in tlu- tlata intt ix.il is tlu‘ most 
s*ur ificant amditHm that Ctin occur in tt'rins of limiting 
the convergcnci' of tIu' partial-stt p algt>rithm. Tims, the 
woist milial direction eiroi i^wIu'H’ t'nor rt'al minus 
predic'tt'd^ is that winch results in tlu' prediett'd period 
bi'ing as much larger than the actual period as is possible 
tor a gi\en I'lror magnitndt . wtirst-ihrection analysis. 
ho\ve\'t'r. must lu' comlitioiu'd on tlie// priori prolndnlities 
associated with the direction of the initial error. Kxamina- 
tion of Fig. which heuristicallv dt'picts pi'sition-vt'Iocity 
phase sj\ice. might suggest that the worst direction is 
given by the vector .V. the shortt'st distanci' to tIu' bound- 
ary of the nonconvergence region. However, if the a priori 
initial e rror tlispt*rsion is reprt'st'iiti'd by the ellipse cen- 
tered at the origin, then the prohal>le worst dirtvtion may 
lie more in the' dirc'ction of the' vtvtor B. This worst dirtv- 
tion t an lu' found analytit ally by mimmi/ing tIu' funcliO!i 

/ - A Ax f A (Ax’* IV Ax 1) (V 

where 

Ax- worst-dirtx'tion error (to be solved for) 

A - ? (xtjz, .n/£) (n - seinimajor axis) 

r, — a prion state knowledge tx)variance matrix at 
periapsis 

I'he solution to the minimization of / in Eq. (1) is 

It was found from calculations using Eq, (2) that the 
worst direction is a dispersion in position opposite the 
position vector at periapsis and a dispersion in velocity 
opposite the velocity vector at periapsis. Thus, the worst 
direction lies in the orbit plane and results from negative 
perturbations in the semimajor axis and the eccentricity. 


Multiple.'^ ol tIu' worst-direction \ntor were tinted 
over \ ,n:ou.s ilat.i .spans to obtain llu' woi.nI-i 1 ii<‘cIioh ion 
\a'rgC!U't* proptTtics lor tIu' Manner oibit ’I'be results 
of tIu' tt'sls Mi' show n in f'lg. 4 ni the form of plots sluwv 
ing t*on\ tTgt'iiec and nonconxcigt'ncc regions in tt'rins ol 
initial position eiioi ron\ ei gciK't* limits n's thi' tracking 
tlat.i span um'iI. riic initial position error is tlcfincd as the 
iiiaumtiuh' (Ai ‘ Ai/ • A: V’ ol the position dc\ i.ition m 
i artesian eotmiinatt's t inn's|>onding to tlu' worst-dinx tion 
pe: tin Tation Ol) act uraeu s aie alst> uiehuleil on t'acli pK>t 
riie rss ptisition mie('rtaint\ at jieri.msis [tr] < xri »f;V' 
IS show 11 as a functum of tlu' data termination time. Track 
ing bi'gins I h after peiiapsis Tlic partial-step algorithm 
attaint'd couvt'rgciu't' I mm a wtirst-din't'tion rss error ol 
100 km {AV 2(X) m s'^ fitting 4 h of data. After pre 
hmin.,ry l om t rgt'iu't' w ith such a short data are. finer 
'‘tuning.” i e.. eonvt'rgt'iiee to a niort' accurate solution, 
can ht' pt'rformed with a lungt'r tlata are. Tliis proet'dure 
is illii.straled in the Fig, 4. where an initial ptisition error 
ol UK) km remains t'.isily in (lit' t'tmM'rgt'iu't' n'gion until 
4 h t)f data ,irt' proeesst'd. bringing t!u' terror to the 3-e 
on K'vt'I From this point, iiuirt' data can be added to the 
sohitum span, anil tlu' eonvtTgt'iiet' proetxhire can be con- 
tinued. .After initial eonviTgenee lias bet'U obtuiiUHl. the 
remaining error lit's in tlu' Karth‘s plant' of the sky. (This 
phenmnt'non will hi' diseusst'tl latt'r.) Ht'iice. the emwer- 
gi'iKv propt'rties with additional data are t'ven m.>re opti- 
mistic than tlu'se suggested by the figure. 

C. Major Error Source$ Affecting Converged 
Solution Accuracy 

1, Martian gravity. It was detenu iiuxl on the basis of 
I'xtensive c'CvariaiKv analyses that tlie probable major OD 
t'rror source for tlie sati'llite phase of Mariner 9 would 
be the imnuHleled acct li'rations eausi'd by an incomplete 
matliematical model of the Martian gravity field. Tlie 
classical treatment of fit his involves expressing the gravi- 
tational i)otential as a .series of spherical harmonics. The 
\ alues of the harmonic cwfficionts of the Mars potential 
function svere unknown, with the exception of which 
had biH'n determined fmm obst'rx'Utions of the Martian 
iiKKins and from Mariiu'r 4 radio tracking data (Ref. 3). 
Because it was felt that accurate values for the coefficients 
w^iild not be detenninixl until many revolutions of data 
had been proi't'sstxl, the hulk of the prt'-flight studii's wen' 
concemtxl with defining a solution strategy which mini- 
mizixl the effects of gravity anomalies. 

2. Theory of spherical harmonics. In all of the pre-flight 
studies, the .spacecraft acceleration was assumed to result 
from a gravitational pottmtial represented by the spheri> 
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cal harmonic expansion obtained by solving Laplace's 
equation 


\’ r 0 






The solution u»r the gravity potential is 


\(C/,nCOsmA 4 S/,^sinmA)| 


(41 


where 

r, A ” Mars-centered, body-fixed spherical 
coordinates 

fi . = Mars gravitation constant 

R Mars mean equatorial radius 

?7 — associated Legendre polynomial of degree /, 
order m 

~ harmonic coefficients 


The coefficients Cjm and Sim are related to the com- 
monly used coefficients Jim and A/« by the relations 


Cim — JtmCOS mXim 
Sim — Jim sin niAim 


( 5 ) 


\Vh(Mi this convention is used, Eq. (4) becomes 


1=1 m=o 

X Jim COS m (A — Ai»i) I (6) 

In this notation, /i« is a measure of the magnitude of the 
gravitational anomaly; and \im orientates the anomaly 
relative to the prime meridian of the planet. 


The first-order polynomiab, Py(sin<^), are periodic on 
the surface of a unit sphere and vanish along I latitudinal 
nodes on the surface, dividing it into {I + 1) zones. The 
respective associated coefficients are referred to as zonal 


hariuonics. A nodi* is defined as a point or lot us of points 
where 


0 (7^ 

The fill ctions P'/‘ (sin</>) ars mA and (sin (/>) sin mA are 
also pi'riodie on the surfaet* of a unit sphere. They vanish 
along (/ /n) latitudinal nodes and along 2m longitudinal 

nodes, thus dividing the surface into (/ ml 1) zoni‘s 
and 2m sectors. These two families of nodal lines inter- 
sect ortliogonally, dividing the sin face into rectangular 
domains or tesserae; hence, tliey are called tesseral har- 
monies. The C/„ or Ji„ are ttTined the zonal coefficients of 
the potential function, and tht* C;„,, or //„, are known 
as the tessi'ral coefficients when m / /, and as sectoral 
coefficients wlu ii m /, 

It is possible to relate the lowiT-tlegree harmonic 
coefficients to physical properti(*s of tlu* planet. These 
coefficients are a function of the size, shape, and mass 
distribution of the planet, and, for a rigid body, are a set 
of constant characteristics of that body. For example, 
Cio, Ciu and S,i represent displacements of the center of 
nui.ss along the .r-, and i/-a\es, resist etively, where is 
the planet's spin axis and v passes through the prime 
meridian. Furthermore, Cj,, S. ,, and S ,_. are proportional 
to the products of inertia h:, lyz. and Irv^ respeetiveh'. 
Consequently, if the body-fixed coordinate system corre- 
sponds to the principal axes, these products of inertia and 
the corresponding harmonic coefficients are zero. If, in 
addition, the planet is axially symmetric about the 2-axis, 
all coefficients not of order zero vanish; i.e., Jim " 

0 if m ^ 0. 

Insight into the effect of the individual terms in the 
expansion of the potential can be obtained by replacing 
the actual distributed mass with an equivalent body of 
uniform density. The approximate shape of this equiva- 
lent mass can be determined from a study of the variation 
of the potential with and A at a constant radial dis- 
tance r. Values of U that are greater than will indi- 
cate that the equivalent body has more mass in the region 
than it would have if tl were a homogeneous sphere. 
Similarly, values of U less than f^^/r indicate a mass 
deficit. 

For the purposes of this discussion, it is assumed that 
Jim > 0 and 

= PT(*to^)cosm(X - X„) 

" (8) 
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is di'finod. Then U/,>, can he used to demonstrate the di*- 
pendenct' ot ( on <jt or A. For example, it 

Vju ~ I siir t/) (9) 

the quantity has its maximum value at </> 90 deg and 

— 90 di’g, its minimum at </> 0 deg, and zeros at sin </> “ 

^ (1 3) or (/> 35 deg and 145 deg. The results of plotting 

radially on the surface of a sphere art' shown in 
Fig. 5a. The shaded areas represent an excess of mass; 
the unshaded, a deficiency. The results of plotting 
radially are shown in Fig. 5b. It is common practice to 
designate as thi‘ prolateness (/j,. > 0) or oblateness 
(/jo < 0) and U for obvious reasons, as the “pear-shape” 
effect. As noted earliiT, the zonal coefficients divide the 
body into / 1 latitudinal zones and, as shown in the 

figure, /-o di\'ides the body into three, and /n,> into four 
latitudinal zones. Tin* figures presented in this section 
illustrating the harmonics are taken from Ref. 4. 

An example of the sectoral harmonic U 22 is sketched in 
Fig. 5c. As seen in the figure, this harmonic produces 
no latitudinal nodes {I ~ m ~ 0) and four longitudinal 
nodes (2m — 4), thus dividing the body into one zone 
(/ — m 4- 1 - 1) and four sectors (2m = 4). 

Figure 5d presents a sketch of the tesseral harmonic 
c'oefficient Again, as shown by the figure, there are 
one latitudinal node, four longitudinal nodes, two zones, 
and four sectors. In general, many harmonics are required 
to model the gravity field of a planet adequately. As a 
result, the composite equivalent mass model of the gravity 
field is an extremely complicated structure. 

3. A priori uncertainties in the gravity harmonic coeffi* 
cients, A pre-flight uncertainty model for the magnitudes 
of the Mars harmonic coefficients was developed based on 
an extrapolation of the Earth s gravity coefiBcients down 
to those of a planet whose size and mass coincide with 
Mars. It was assumed that the strength of the supporting 
material of Mars is similar to that of the Earth, and that 
equal stresses are supported (Ref. 5). The existence of 
equal stresses then implies that 

Table 4 lists the a priori standard deviations of the 
Martian harmonic coefficients based on the premise that 
Eq. (10) gives a reasonable approximation of the expected 
absolute values but no information on the signs of the 
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coefficients. Con.sequently, tlu^ a priori estimate of each 
coefficient was zero. 

Table 5 presents a comparison of the expected probe 
acceleration uncertainty caused by the gravity terms \vith 
the unc(*rlaint> caused by other error sources. The maxi- 
mum expected magnitude of the unmodeled accelerations 
due to radiation pressure, lift and drag forces caused by 
the Mars atmosphere, and spacecraft gas and propellant 
leaks are listed along with the maximum expected un- 
modeled accelerations caused by gravitational uncertain- 
ty's. The table show's that tlie acceleration errors resulting 
from an incomplete gravitational model of Mars are much 
larger than the ones caused by these other sources. 

4. Dependence of OD accuracy on the uncertainty of 
the gravity moriel^ To assess the relative effect of the in- 
exact gravity model on the expected accuracy of the orbit 
solution, the formulation of the weighted least-squares 
estimate of the spacecraft state derived from Earth-based 
tracking data was examined. The data vector z (observed 
minus computed values) is related to the estimated stale 
vector X and the parameters expected to be in error y, by 

z = Ax 4- By -f n (11) 

w'hcre n is the data noise vector. 

If the standard deviation of the zero-mean data noise is 
given by R, then the minimum variance estimate of x 
Ls given by the familiar weighted least-squares form 

x'=(ATR-‘A)--ATl-‘z (12) 

and the computed covariance matrix of the error in the 
state estimate is given by the equation 

r=(A^R-^A)-^ (13) 

The error in the estimate of x, based on the neglected 
parameters y and the data ncise, is given by 

X -“x = - (ATl-*A)-‘ ATl-‘By - (ATI >A) ‘ ATI ‘n 

(14) 

The partial derivative or sensitivity matrix of the error in 
the estimate of x to the y parameters is given by 

S= - (ATt“‘A)“‘ (15) 
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aiul, if tlu' y paranu’trrs have an a prion ro\ananc(’ matrix 
r, , tlu’ii tli(* t onsidn t'o\aria!u*r matrix of tho I'rror in tho 
I'stimatt' of X is 

r, r * si;s' (K>) 

11 tho y aro imconvlatt d, tlio t'xiuvtt'd (Tror porturhation 
in oiu' of tiu' \ coinjHmont.s, .v,, oaust'd hy oiu* ot tho y 
I’ompoiu'nts. tj , is giun l.v 

-^v, , (17^ 


'!'ho ri'snlts of I'xUauling tlio data aro to (H)V('r two rov- 
olutions of data and inou asing tlu' Nolutiiin ^^t to inoliuh’ 
lo\>'-dt'^roc‘ niavitv I'oollii u'nts »iro also show n in Tahh' (> 
riio ponoii 01 1 or is gi\( n lor tlio Hrst r(‘vohition aftoi 
data tt'rmination. Tlu' po>ition <MTor is not ohanj^i'd with 
s('(.‘ond*dot!:u'o iHU'flioionts hut is rt‘duo(*d if thirdah'^n <' 
oo(‘llioic'nts aio inohuh'd m tho solution list. Markod 
pt'iiod oiror nnluotion is soon if s('tx)iuhdt'^ro(' oooffi- 
oiouts ari' iiududod in tlu' solution list, and t'stimatinp 
third-ilop(H‘ oot'ffioionts impro\ ('s tlu* ('stiinat(* aooura('it , 
furthor. 


whoro IS tho r. /th oloniont of tl .* S matrix. 

I'o dotormino how orrors in tho haimonio cot*ffioionts 
would corrupt both tho local and riappod state solution 
accuracios, many a)\ arianco anah st's wort* porformod on 
simuiatotl slate solutions in tlu* oarl\* phases of tlu* pro- 
flight stuiiit's In ihost* otwarianco anah sos, tlu* vt*t*tor \ 
in K(| (11) was usualh’ tho iloviation dom tlu* antici- 
pated slaiularil state* M'clor (carte'sian \‘oKH'it\‘ and posi- 
tion) t)f tlu* spaee'crall at the pt'iiai^sis pass mt* time just 
pree'odiiu^ tlu* inti*r\al eil ilata. and y was nsualK' a <'e- 
tor of harmouit' eoi'lficit'Ul tl<'\'ialu>ns, as \\i^ as otlu*r 
mode! errors. Tho results of the covariance anaivsos have 
he(*n published in the literature, most notably u Refs. 6 
and 7. 

In summary, tho pro-fliiilit covariance analysis led io tlu* 
conclusion that if only the statt* vector is estimated, no 
more than a single revolution of tracking data can be 
proeesst'd without experiencing sevt*re degradation of thv* 
solution accuracy because of errors in the gravity model. 
Furthermore, it was shown that the single revolution of 
tracking data could not contain any data points within an 
hour of a p<*riapsis passage without the estimate of the 
orbital period b<*ing adversely affected. A poor estimate 
of the orbital pt'riocl leads to poor trajectory extratmlation 
accuracies. 

Table 6 lists the 1-a values of the rss position error at 
the periapses, bracketing a revolution of processed data, 
and the l-a values of orbital period in the following revo- 
lution. The values were obtained from the formulas given 
above, applied to a simulated Mariner 9 orbit on Novem- 
ber 14. 1971. The gravity coefficient uncertainties in 
Tabic* 4 were usi*d to cxmstruct the a priori ixwariance 
matrix Table 6 also lists the deviations in the c*sti- 
mates corresponding to the summed effects of the grav- 
ity coefficients of differing degrees. Second-degree coeffi- 
cients dominate the uncertainty in both position and 
period. 


D. Qualitative Description of Satellite OD Accuracy 
Properties 

I. rongitiide of node in Earth’s plane of the sky. It was 
u*vogui/t'il tlut, of all tlu* orbital oKnu'iits dc'tcrmiiu'd 
lovalK from Kartb-luscd tr.u king dat.i, tlu* longitude' of 
tlu* liiu* e>l nodes in tlu* Earth’s plaiu* of tlu* sky is tlu* 
most uiUH'itaiu. I'bt* uiKviiaint\ in this poorK dett'i- 
mined angle is e<iuivah*nt to the ’neertainty of 0 as it is 
dc*fim*d in Fig. (>, which illustrates the Earth-station, 
Mars-spacH*craft tracking geoim*try. In the figure. z\ r, 
and 0 art* cylindrical coordinates defining tlu* |K)sition of 
the spacecraft relative to Mars at the time of tracking, and 
hrs hu. and /i. arc* components of the station in an Earth- 
centered eartc'sian coordinate* system. TIie>* arc* given by 
the c'xpressions 


hr r, sin 

h„ h cos 8 • sin 5 cos <of 

h: h sin 8-1 r, cos 8 cos w( ( 18) 


where* 

h - distance* from .station to Earth c*cpmtor along the 
Earth spin axis 

gc'otx'iitric dcx'lination of Mars 
angular rate of the Earth 
t A lime from station meridian passage of Mars 
— station distance from the spin axis 


Figure 7 (Presents a geometric view of how a node error 
can affect the position error of the spacecraft, A node 
error is :quh alent to mislocating the orientation of the 
orbit about tht\ Earth-Mars line of sight, and the doppler 
data are relatively insensitive to such a rotation, The 
ori(*ntatiou error\resuIts in a total pasition error of at 
pcTiapsis. This position error is normally minimum in the 


JPt TECHNICAL RCPOIIT 32-1886 


128 



poriapsis rt'gion ami inaxinuun in the apoapsis region tor 
an eeci'ntric orbit like that of Mariner 9. It should be 
noted tliat rA12 eonstitutes almost the entire position error 
of th.e spacecraft, and that tht' errors in r and are small 
compare 1 to rA12. Figure 8 prest'nts the lime history of the 
respeeti\e l-tr t rrors in rA12, i\ dwd z' for llu' pre-llight un- 
certainties in the Mars gravity coefficients. Tlie uncertain- 
ties in rAl2 and r are seen to bi' minimum at periapsis, but 
the uncertainty in z' is maximum. The maximum Az occ urs 
at periapsis bevause of in-orbit downtrack errors in the 
trajectory in tlie peciapsis region, where the erroneous 
acec'lerations caused by unct»rtainties in the gravity fic'ld 
art* maximum, 

2. Predicted orbital period. The least accurate pre- 
dicted orbital element is the orbital period. If the t*sti- 
mated spacecraft state is integrated forward in time, past 
the region of available data, for several rtwolutions and 
compared to the actual trajectory of the spacecraft, the 
position c*rror hc*tween the two can grow in tlie down- 
track direction. Such a position error results from the 
actual trajectory being perturbed by the* unknown por- 
tions of the gravity field so that tlie actual period a id 
time's of periapsis passage change in a manner which is 
not predicted in the estimated trajectory; i.e., the actual 
orbit moves “out from under” the estimated orbit. The 
geometry of this error is illustrated in Fig. 9, where the 
constant initial position error caused by the node error is 
shown vector-summed with successive position errors, 
which lie along the instantaneous velocity direction. These 
successive position errors result from the successive peri- 
apsis passage time errors, and their contributions can 
dominate the total predicted periapsis position error after 
several revolutions. The in-track predicted position error 
can be approximated by the formula VpSTp, where Vp is 
the magnitude of the velocity at periapsis, and iTp is the 
error in the time of periapsis passage. 

E. Simulation Studies 

The final and most important step in the pre-flight 
studies was the fitting of simulated data in a simulated 
oix*rations environment. The desirable method in such 
studies was to apply the OD strategy, observe the esti- 
mate behavior over several revolutions of data, and cor- 
relate the observed behavior with the results of the 
covariance analysis, A number of such studies were con- 
ducted as part of the pre-flight analysis; the results of one 
are presented here. Several revolutions of data were gen- 
erated for a simulated trajectory with typical sample 
coefficients in the gravity field. The spacecraft orbit was 
determined from three successive revolutions of data. The 


(lisp(‘isi()n of tlu* pmapsis position (‘stimalis about tlu- 
lirst solution is giM'u in Fig. 10 'i’lu* actual siumlatril 
position IS also pLu I'd m tiir iiguiv 'Hu* position di tia - 
iniiiation ap^prars to lu* lonsistcnt with llu* coxariaiui' 
results, with till' rstuiutrs tlisporsi'd about tlu* tnio \ahu' 
with rirois in tlu* lO-km raiigi*. ’Dit position t'stimalcs aic 
plotted as a liiiulioii ol lime in sixomls, with llu* ai.*tual 
time ot siK'tessbe periapsis passau.es denoted b\ \ertioal 
hiirs. Freilieted peri.ipsis passage tiuu's are shown b\ tlie 
oossmarks on tlie extt'mhal (dashed) position hars I he 
majiping uneertainty is less th;ui I s atU*r oiu* lawohilion 
and within 1 s altiT two revolutions. (Ir.i\it\ solutions 
trom the simulated ilata hal to smaller solution d(*\ iations, 
.is pi(>dic*tt‘il I mm tlu* eovariaiiee aiuKsis results 

F. Orbit Determination Solution Strategy for the Satellite 
Phase of the Mission and Expected Accuracy 

Tlu* results of tlu* pn*-fiight I'ovariaiua* analyses ami 
simulation studies led to the following definition of the 
solution strat(*gy; 

(1) Using a batch-weighted, U'asl-scpiares t'stimator, 
solve for the state* (position and velocity) of the 
spacecraft from a single* reve^lution of tracking data, 
omitting the data within an hour of pe*riapsis, which 
are most sensitive to the gravity e*rrors. Use the 
partial-step algorithm for converge*nce if nect'ssary. 
If severe convergence problems arise*, shorten the 
data span, and wwk up to a full re'volution of data, 
as illustrated in Fig. 4. 

(2) Accumulate several sueex'ssive revolutions of data. 
Then, using the conditions arrr ^ at in ste*p (1) as 
initial conditions, solve for tlv .„ate pins low-ordi*r 
gravity coefficients. 

(3) As more data become avai (able, resolve for the state 
from a single revolution of tracking data, with the 
gravity terms obtained from step (2) placed in the 
spacecraft trajectory integration model. 

The three steps listed above are referred to as the pre- 
gravity sensing mode of operation, the gravity sensing 
mode, and the post-sensing mode, respectively. 

The predicted uncertainties of the local and mapped 
i*stimatt»d (position at pt*riapsis, based on the pro-flight 
simulation and covariance analyses, are summarized in 
Table 7. The predicted uncertainties are compared with 
the accuracy requirements. The uncertainty in the mapped 
time of periapsis has been corrected to an approximate 
downtrack position error by multiplying the time of peri- 
apsis uncertainty by the velocity magnitude at periapsis. 
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riu* rt'sults shown in Tahlo 7 illustiato the most important 
clMiaili-iistic of tlu“ Ntaiiiu'i 9 sati llito iirhil ih tmnina 
tion prohlom; tliat tho Ih^h of Ol) acTuracy rv- 

qiiiivd hy tlu‘ MM7l lMo|tvt would ho nut onl\ atti i 
mnltirt'volntion solutions tor tho urasitv tiold of Mars 


III. Mariner 9 Data and A Priori Astrodynamic 
Constants 

A. DSN Data 

1. Two-way doppler. Almost all of llu' satollitt' orbit 
solutions for Mariiur 9 wort' oomputi'd on iho basis ol 
two-wav doppliT moasurt'inoiUs onlv. Durini; iho IP-’ 
months Marinor 9 was in orbit, ovor 3(X).(HX) two-way 
dopplor moasuromonts at I -min count tinu’s woro ro- 
corded. In the first 280 re\olutions, two-way doppler 
trackinj; data were obtained in a nearly eontinuoiiN fashion 
by deep space station ^DSS) 12 at CU)ldstone, California. 
DSS 41 at W’oomera, Australia; and DSS 62 at Madrid, 
Spain. As llie Karlh-Mars distanev inereased during the 
orbit phase of the mission, the signal-to-noise ratio of 
the spaceeraft communication link decreased. In March, 
inereased data noise rendered the 26-m-diameter antennas 
inetftvtual. Conse<piently. after revolution 280, only the 
fv4-m antenna at DSS 14 was used for tracking the space- 
eraft. Figures I la and b show the time history of the 
respective antenna elesation angles over a 1-day interval 
on November 15, 1971 (Fig. lla), and again on May 5. 
1972 (Fig, 11b), when only DSS 14 was tracking. Times 
of local periapses and apoapses are marked on tlie figures. 

Figure 12 illustrates the evolution of the accuracy of 
the doppler data by showing the rius of tlie doppler resid- 
uals plotted against time through October 1972. Indi- 
N idual rms values have hcvn obtained from short arc fits 
to the data. Also included on the* figure is the magnibide 
of the Eartl)-Mars distance showing its increase from 
about 1.2 X 10* km at insertion to about 4 X 10" km after 
600 orbits. It can be svri\ that, as the Earth-Mars distance 
approached 3 X 10" km, the noise observ’t'd at the 26-m 
antenna increased markiHlly, whereas that at the 64-m 
antenna increast*d only slightly. 

The quality of the doppler data during the month 
around .superior conjunction was degraded sharply be- 
cause of the effix^ts of the rapidly varying quantities of 
charged particles along the signal path because of the 
solar corona. The rms of the doppler noise actually 
reached a maximum of 2 Hz on the day of conjunction. 


w luMi tlu' Suu K.iitb-M.iis .uu;l( w.is I 01 ilt'i; .iiul Oic 
M^iul p.itli p.isscO \\ithm lorn ^cl.u i.uln cl (lie ^un 

rhe ilata tiom ibc DSN .statnuis wcic scut o\ ci tclctvpc 
to tbc Sp,ic(‘ Flight Operations FacilitN (SFOF\ where 
tlu'y were stored on high speed magm'lic ilrums. Data 
were tlu’u written on m.ignelie tape by the Network 
\imK l\ .uu l i.U’kim: < b onp .is letpiested b\ the Na\i- 
li.ition re.nn These t.ipts lout.imeil. m .uldition tt> two 
w.i\ di'ppler obserx .lilies, one and thiee w.iN tlopplci 
i'ouut. Ml i.umuu;, and ,nu;ular obsei\ .ibles. all .it sp<‘ 
I'llii* times ^umi.iIK I -mm s,imples\ ntlu’si/i'r tre(|ueiu \ , 
ti.msmitter ou/oti times, .iiid r.mgim; .idinst I'Oellieients 
.mil ilata nualitx mdie.iloiA. 

The Navigation Team proeessetl these ilata tapes on 
the 1’NIV.\(^ 1108 eompnter. The orbit data editing 
^ODE^ program w'as used to reformat the data and to 
eliminate all of the nnnsed ilata types, sneh as angular 
data. The output of the ODE \*;»s then proeessi'd by a 
medinm-aivnracy C^D editing program, the tracking data 
editing orbit delerinination (TRKED^ program. The 
printed and plotted output of this program was ana- 
lyzed to locate and clinnnate poor data. Data were coin- 
pressed to lO-min intervals for regions of time at least 
2 h away from a periapsis passage. liuh\ idiial edited and 
compressed data records were merged with previously 
processtnl data records aiul stored on tape to prodiicv 
complete satellite data records for use in the orbit estima- 
tion txnnputations. 

During the iHxiod of time in which all stations were 
tracking, radiometric data were obtained 24 h per day 
by the DSN. After nwolntion 280, a 10-h pass of data 
eentcred around periapsis was taken by DSS 14. The rate 
was goncndly one |H)int t'vcr>’ 60 s. During most of the 
orbit phase, the Satellite OD Group proet'sst'd data two 
or thriH' times per week to fulfill seienct' or DSN requests 
for npdatt'd orbits. 

2. MU ranging data. Naxigation Team support of the 
rt'lativity expt'riment required the proci'ssing of Earth- 
spacecraft range measun^ments. Two-xx'ay time delay mea- 
surements, which are proportional to station-spacecraft 
rang(\ were obtaintxl using the MU ranging machine at 
Goldstone throughout the mission. Range measurements 
were acquired several times per week from November 
1971 until August 1972, at which time the frequency of 
independent range measurements was increased to several 
measurements per Goldstone pass. In all, a total of over 
1300 individual range measurements xvere acquired dur- 
ing the satellite phase of the mission. Most of these 
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nuMsiironu iits were obtaim'd iti 8 wi cks bracketing 
superior conjunction. The ranging ineasureinents, which 
are noiinally precise to a few meters, were perturbed by 
cluirged particles in tlie transmission media, which re- 
tarded the signal and thus contributed to a larger time 
delay than that predicted from tlic true loord inatc rangi*. 
As the signal path for Mariner 9 neared the Sun, both the 
amplitude of the stc'ady-state charged particle content 
and that of tlie stochastic variations along the signal path 
itrereased. However, the effect of the steady-state content 
can be modeled, and so it caused few problems (Ref. 81. 
At closest proximity to the Sun on September 7, 1972, the 
average electron content of the signal path through the 
solar corona was at its maximum, which causixl a time 
delay of about 20 ^is (out of a total round-trip light time 
of some 45 min). Because 1 /us of time delay corresponds to 
about 150 m one-way range to the spacecraft, the maxi- 
mum corona effect was some 3000 .n in range. On the 
other hand, the stochastic variations in the corona induced 
a fange uncertainty that is difficult, if not impossible, to 
model. On a scale of 1 da\\ tlie < ‘licit eau be siwiaal 
mieroseeonds. 

3. Differenced range vs integrated doppler technique 
calibrations. The differenced range vs integrated doppler 
(DRVID) technique, discussed in more detail in Ref. 9, 
was used to calibrate charged particle activity in the sig- 
nal path for small Sun-Earth-probe angles and to provide 
corrections for orbit computations. Raw DRVID data 
provide a time history of the observed range differenet* 
from the initial range observation in a continue iis pass 
minus the integrated range rate from the doppler data. 
The data measure twice the round-trip range change dur- 
ing a pass because of charged particles, but they do not 
indicate the total group delay. 

DRVID data were obtained by way of two modes of 
ojMTation: (1) the ranging machine. Incause of its 
mechanization, output DRVID data automatically dur- 
ing any single range acquisition, or (2) the data were 
constructed externally from counted doppler and indi- 
vidual range acquisitions. DRVID data spanning entire 
passes were generated, using primarily the second mode, 
for the periods of August 10 to 25 and September 16 to 
October 12, 1972. Data nearer conjunction could not be 
obtaiiu'd bt‘cause of poor doppler quality. Data further 
from conjundton are now being processed. The data are 
least*squares fit with a polynomial of the lowest order, 
which reasonably represents its structure. The coefficients 
of this polynominal are used to adjust the doppler and 
range data in the spacecraft-orbit fitting software. 
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Kiguri's I3a, b, and c illustiati' tiu* DiU’ll) data f(U’ 
passi"; b(‘giuuimz ou A\ig\isi 20, 23, am! 25, rcspi'vtiM'Iv. 
Curves which sliow the least-sipiares-lit polynomial au' 
superimposed on the actual data. Ou the days shown, thi 
variation in observed range caused by ehargi'd partieles 
in a .siiigh' pa.ss wa.s aN liigh as 3(X) m, u itii a maximum 
slope of 75 ?u h. 

B. Spacecraft Data 

I. TV images of .surface landmarks. The radio orhit 
Nolutious of Mariner 9 were eonfirmed by .solutions based 
ou TV images of the Martian surface. The imaging system 
on board the Mariner 9 spaeeeraft eousists of a wide- 
angle. low-resolution camera and a narrow-angle, high- 
resolution eamera mounted on a sean platform v ith two 
degrees of freedom, wl)ich ean be ]>ositioned relatixe to 
the spacecraft. The wide-anglc' eamera has an effeeticc* 
focal length of 50 mm and a fiedd of view of 11 \ 14 dc*g 
with a surface resolution of 1 kin at a slant range of 
approximately 1750 km. The narrow-angle camera has an 
effc'ctixe focal length of 500 mm and a field of view of 
l.l \ 1.4 cleg with a surfacx' rc'.solution of 100 m at the 
same slant range' of 1750 km. The basic landmark obsc'rx - 
ables consist of picture coordinates of image's (line, pixel 
loeationsl measured ow 8 \ 10 in. photoprodiiets. 

The criterion used for sc'lection of pictures from the 
available collection transmitted by Mariner 9 while in 
orbit was based on ri'dundancy of observation of some 
well identifiable surface features. Tire dust storm obscu- 
ration of the planet during the fir.st 2 months of orbit left 
only the south polar arp and the I'olcanic prominences in 
the Tharsis region visible. Consequently, the TV science 
interests were focused on these regions, and it was pos- 
sible to get data from these early pictures. Because the 
areas were photographed through the haze created by 
dust in the Martian atmosphere, a large portion of the 
early data was of poor visual quality. However, the pic- 
tures were still usable. The bulk of pictures received after 
the dust storm cleared in January wore taken for the pur- 
pose of mapping the planet with a minimum ebserva- 
tional redundancy. Thus, data became available only 
during special picture sequences, when the TV camera 
was trained on the south polar cap and on the volcanic 
prominences in Tharsis, namely, Nix Olympica, Pavonis 
Lacus, and Nodus Cordii. The data for Ascraeus Lacus 
were scanty and of poor quality, and were not used. 
Figure 14 shows the distribution of the total usable pic- 
tures relative to time of periapsis passage, the target 
sighted, and the type of camera used. A very large por- 
tion of the data is made up of wide-angle pictures of the 
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south polar ri^gioii, all taken 30 min hcf( re periapsis. This 
part of the data alUnN S obser\ ati(Mi of the south polar <‘ap 
from ii nearly fixed position in space whih' the planet 
rotates undeiiu'ath the spacecraft at tlu‘ rate of 9.5 deg 
per orbit of MaritUT 9. The 13 landmarks sighted are 
shown in Figs. 15a, b, and c. 

2, TV pointing data. The accuracy of OD solutions 
based on optical data is dependent on the ac(|uisition of 
data which yield the inertial pointing of the target raster 
at the time of observation. These data an* processed by 
two methods. Tlie first consists of processing tlu‘ engi- 
neering telemetry data, which contain (juanti/ed read- 
outs of the scan platform gimbal angles in the cone and 
clock axes, readouts of the pitch and yaw angles from the 
sun sensor, and tlu‘ star sensor rt'adout of the roll angle 
Figure 16 shows a sample plot of the yaw, pitch, and roll 
variations in the vicinity of a picture shuttering over a 
100-s time interval. Because of a wide variety of situations 
arising from the spacecraft attitude motion and the r(‘ 
sponse of the attitude control system, it was necessary to 
examine all the data available to determine the switching 
condition of the spacecraft attitude control system and, 
thereafter, to fit an appropriate segment of the data in 
the neighborhood of the shuttering instant. This proce- 
duie -V IS adequate during the high-data-rate transmis- 
sion, when the engineering data samples were obtained 
every 4.2 s. However, an appreciable portion of the pic- 
tures were taken when the engineering data sampling rate 
was four times slower than the 4.2 s sample rate. At this 
rate, it was not always possible to correctly deduce the 
trend of limit-cycle excursions within the allowed dead- 
band. Such data were therefore carefully examined to 
determine the nearest two data samples containing the 
shuttering intc'rval, and the readout was obtained by 
linear interpolation. In addition, problems were occa- 
sionally encountered in obtaining the cone and clock 
gimbal-angle readouts, Because the sampling rate for 
these readouts was 42 s/sample, there were situations in 
which the scan platform was in the slewing mode when 
the telemetry channels were sampled. In such instances, 
the gimbal angle readouts were not available from the 
channels, but they were obtainable from the command 
values. The ‘‘open-loop** TV raster orientation had appre- 
ciable errors associated with its construction. Hence, a 
“closed-loop,** second-stage determination of the TV- 
camera pointing errors was essential to obtain consistent 
solutions. 

*rhe sectNid processing method consisted of solving for 
the most probable camera orientation at shuttering times 
using the estimated direction of inertial pointing from the 
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first motliod of processing. It was notici’d during early 
landmark data fits that there was a significant di.sconti- 
nnity in the data residuals wheiuwer the cameras were 
switcli<‘d; i.e., tlu‘ narrow-angle caiman ri'siduals were 
ohstTvt'd to bi' offset from tlu‘ wid(»-angle cami’ra resid- 
uals. Tbe oln ions infen nce was that the model for point- 
ing errors needed an additional three degri es of freedom 
in the platform coordinatt‘S to describe* the wide-angle 
camera offsets in relation to the narrow-angle came’ra 
optical axis. When these additional degrees of freedom 
were introduced, the discontinuity was iioticrably re- 
duced. In addition, a set of three fixed offsets of the 
narrow-angle T\^ target raster, relative to the scan plat- 
form pointing defined by tlu* first-stage estimates, were 
estimated. Superimposed on these* was a random com- 
pon(*nt model(*d as bt*ing in the yaw, pitch, and roll direc- 
tions of the spacecraft. Thus, a total of nine parameters 
were ('stimated to adequatt*ly describe* the “true** TV 
orientatiem with respect to the ce*lestial reference made 
up by the spacecraft-Sun and spacecraft-Canopus direc- 
tions. (Arcturus was not u.sed as a reference star for the 
data span include*d he*re.) 

In addition to the above-mentioned discontinuity, there 
was another source of error stemming from the sun sensor 
regulation problem. It was noticed, in fitting some close- 
range landmark data, that the data residuals were enorm- 
ously large in comparison to the expected measurement 
error in the pictures shuttered within 20 min from the 
periapsis passage of the spacecraft. It was determined 
that this behavior was associated with the design of the 
sun sensor preamplifier circuitry. It was also found from 
some symptomatic behavior of the attitude control telem- 
etry that the sun sensor went into an anomalous state 
whenever stray light from Mars bt»came sufficiently strong 
in intensity. Vi\e incident stray light from the planet ren- 
dered the voltage-regulation mechanism of the acquisi- 
tion sun sensors inefft*ctive. The primary sun sensors were 
dependent on this same mechanism for voltage regula- 
tion. The result was a floating voltage and an unknown 
scale factor for the primary sun sensor output whenever 
the problem occurred. Because the sensor telemetry was 
rendered meaningless in these situations, data taken in 
the vicinity of periapsis passage could not be used 
OD. This Resulted in elimination of the high-rc*solution 
data. The alternative to the first method of processing, 
i.e., corrupting the covariance to solve for the camera 
pointing direction, was not very successful in these situa- 
tions because the a priori uncertainty was too large. 

3. Nongravitatkinal a cceler a tiops* The problem of de- 
termining the history of thrusts caused by leaks from tbe 
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coid-gas attitude control system becanu more difficult in 
the orbital phase than it was in the cruise phase, as dis* 
uissed in the preceding section. The insertion maneuver 
re(piired a burn which t'xpt ndcil a c» nsiderable mass of 
propellant, causing tht' ernter of mass of tht‘ spacecraft 
to move closer to the center of the rolbaxis jet couple. 
This reduced the degree to which torques, caused by roll- 
axis jet leaks, were cross-coupled into the other axes. In 
addition, the effects of gravity gradient torques near 
periapsis produced periodic signatures in the pitch and 
yaw axes, which had to be separati'd from any cross- 
coupling effects. The net result was that the cross-coupling 
effects of roll- jet leaks were below tlu* threshold of detec- 
tion in the satellite phase of the mission. Therefore, the 
OD Croup had to rely on assumptions of historical con- 
tinuity. In particular, because the roll axis continued to 
exhibit occasional bursts of torque in the same direction 
as those set*n prior to Mars encounter, it was assumed 
that the same roil jet was continuing to leak sporadically. 
Thrust directions were assigned on that basis. 

The computation of the roll-axis torques was also com- 
plicated by the motion of the instrument scan platform 
because tlie reaction torques were large and the task of 
reconstructing them from the scan platform position 
telemetry was difficult. As a result, a»iy gas leaks that 
occurred during the periods of scan platform slewing 
could not be effectively detected. 

Figure 17 is a plot of the angular accelerations in each 
of the three spacecraft axes over a span of two orbits 
near the tx^ginning of DeccmlH*r 1971. Unct*rtaintics in 
tht* accelerations are denoted by the height of the \yows 
bracketing each plotttxl value. A typical roll -axis leak can 
Ik* strn bt‘tween 10*2 and 11*2 h. The cross-coupU'd 
torques in the pitch and yaw axes, which were quite dis- 
tinct in the cruise phase, are indistinguishable here. The 
torque signatures in the pitch and yaw axes, in which the 
angular accelerations are positive over most of each orbit 
but become negative near periapsis, are caust*d by grav- 
ity gradient torques. The large uncertainties in accelera- 
tion over the period uf 2 to 3 h prior to each periapsis are 
due to the slewing of the scan platform. 

The start and stop times and the magnitudes of the 
leaks were estimated by using acceleration profiles like 
those shown in Fig. 17. Figure 18 is a plot of the space- 
craft accelerations caused by gas leab over a ty^cal 
period in mid-December 1971. Because the time icale 
of the plot makes the duralioQs of the various leaks diffi- 
cult to compare, the integrated velocity effect of each 


Irak [\ r . m,imutmlr timrs duratioiO has also lirrn pl(»ttrd 
anil IS drsiv;tuti‘(l b\ A 

4. Spacecraft mass. Tlu‘ mass ol Mj.rinrr wa.> dt'ter- 
mined from telemetered information, whicli yielded the 
propellant exp<‘nditurt's of the various maneinrr burns. 
The values of the spac^'craft mass tor the pre-trim 1 and 
post-trim I and 2 phases of tlie satelliti' mission are listed 
lu’low: 

(1) Pre triiu 1, ofi'TTTo kg. 

(2'* Post-trim 1, 560.201 kg. 

(3) Post-trim 2, 551.890 kg. 

5. Solar radiation pressure. The spacecraft reflectivity 
coefficients which relate the solar t diation to the pres- 
sure acting on the spacecraft .vue determined from 
analysis of the cruise data. The respective values of the 
coefficients which were used in the satellite phase of the 
mission were Gr - 1.2275, Cr ” - 0.0406, and G\ = 
— 0.0436. (See the preceding section for definitions of 
these parameters.) 

C. Observer Location and Transmission Media 

Calibrations 

The tracking system analytic calibrations for the satel- 
litt' and cruise phast*s of the MM71 mission were com- 
prised of calibration coefficients for timing, polar motion, 
and tropospheric refraction, supplied by the DSN. .A dis- 
cussion of these calibrations appears in the preceding 
section. 

Station locations used during the satellite phase of the 
mission were determined on the basis of Mars encounter 
data from Mariner 6. These station locations arc given 
in Table 8. 

D. Martian Aatrodynamic Constants 

1. Gravltstkmal constant. The mass constant associ- 
ated with Mars which was used tiuroughout the satellite 
OD operatkms had a value of 42,828.44 km*/s*. This 
value was determined by NuU (Ref. 3) from analysis of 
Mariner 4 tracking data. It is in good agreement with 
values from Mariners 6 and 7» and is consistent with a 
Gaussian gravitational constant k - 0.01720200885 and a 
velocity of li^t value of r « 29079SJS km/s, given in 
Ref. 10. 
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2. Ohlatoness. Thi* a priori Martian oh!atfiu*ss corlfi- 

t irnt, /j, had a value of 1.97 10 which was deter 

mint'd by Wilkins (Ref. 11' from lon^derm observations 
of the Martian satellites. Tin* corns ponding mean radius 
of Ntars for gravity scaling was taken as 3389.1 km. 

3. Spin-axis direction. The direction of the Martian 
spin axis used at the beginning of the sah'llite operations 
can be stated in terms of the right ascension and declina- 
tion value of the pole direction in the Earth mean equator 
coordinate system of 1950. These values are 

a U6.S538 immYl 
53.(K)66 0.0566T 

when' T IS in Julian centurii's past 1950.0 The values 
Were derived by dc‘ Vaucouleiirs (Ref. 12) as an un- 
weighted average of the rc'sults of Burton (Ref. 13), 
whose' values wi're determined from Earth-based tibser- 
vations of the motion of Deimos and Phobos, and from 
Camichel (Ref. 14), whose values were determined from 
Earth-based observation of the motion of surface fea- 
tures on Mars. 

Prior to the flight of Mariner 9. it was thouglit that the 
direction of the pole was known to an accuracy of 1 deg. 
Figure 19 shows the pole solution obtained by various 
observers using surface markings and orbits of Phobos 
and Deimos since 1877. These solutions were taken from 
Ref. 12 and mapped to the 1950 epoch. The pre-Mariner 9 
adopted value was obtained by averaging the two Burton 
values and the single Camichel value shown in the figure. 

E. Plinttary EphemeridM 

The planetary ephemerides used by the Satellite OD 
(>roup during opt^rations were all recent, differentially 
cmrrected versions of the JPL Planetary Export Ephem- 
erit DE-69 (Ref. 15). The first of these versions, DE*79, 
included Mars radar time delayed data from June 20 to 
September 10, 1971. The second venion, DE-80, was 
available on December 28, 1971, and included time delay 
measurements to October 11, 1971. The third ephemeris, 
DE*82, was available on September 18, 1972; it was based 
on existing radar and optical measurements to October 
11, 1971, plus 88 **normal points,” or reduced range nteas- 
urements of Mariner 9 itself. 

The values of the astronomical unit (AU) and solar 
mass constant for each efdieineris are given in Table 9. 


IV Pre-trim 1 Orbit Determination History and 
Support of Trims 1 and 2 

A. Initial Orbit Convergence 

As stah'd in Section I, the firsi real-tinu' duty of the 
Satellite' OD Group was to obtain a eon verge 'd orbit solu- 
tion from data acquin'd during tlu' first revolution of 
Marine r 9 about Mars, l lu prt -llight studies, reportee* in 
S''^'*ion II, le'd to the' conelusion that the partial-ste'p 
algorithm w'ouUl possil>ly he* ne’ce'ssary to solve' tlu' prob- 
le'm of noneonvergence' eluring the initial probe state 
dete'nnination immediate'ly following Mars orbit insertion 
(MOD. 

Pre'-tlight studie*s also showed that the* mission OD soft- 
ware* n‘<|iiire*il tlu* following capabilities to me*e*t the* juis- 
sihle error contingencies that could arise during initial 
orbit conwrgenco: 

(1> Rapid near-real-time multiple iteration of the least- 
sepiare's fitting- proce'dure. 

(2) Immediate on-line visual output of the rt'sults of 
each individual ib'ration 

(3) The ability to wait in a ‘‘holding pattern** between 
any given iteration while the user answers the ques- 
tion of whether he has convergence or needs to con- 
tinue the iteration. 

(4) Thv ability to execute the appropriate response 
depending on the iiser*s answer to (3). 

Therefore, these capabilities and the partial-step algo- 
rithm were added to the existing TRKED program, as 
well as to the ODP. The resulting version of TRKED 
was certified for mission use during the course of the pre- 
flight studies. 

The computer time necessary to complete a typical 
(initial orbit phase) iteration was about 10 s for TRKED. 
as compared to 2 min for the ODP. This order-of-magni- 
tude improvement in speed was due to TRKED s simpli- 
fied models and computational shortcuts; the tradeoff 
was the difference in precision. Compared to the expected 
state knowledge uncertainties at the initial periapsis (as 
discussed in Section 11}, this difference was found to be 
small: under 10 km in rss position, with a corresponding 
discrepancy in velocity. Thus, the ODP could converge 
on the same set of data with two or three ”fine-tuning* 
iteratksos using TRKED*s converged state idutioos as 
initial conditk»s. 
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Initial .state cointTgenee aiul refinement during tin* 
first actual orl>it aliout Mars following the MOl tnaneti- 
v(*r was ptTforim’d in tlu‘ following mamuT. Tlu' ilata 
fitt(‘d was two-w.iy, 1-mm iloppler. wliieli began iminedi 
iitely after the octnltation period laided. Thus, tlu* fitted 
data s\irted appro\imate!\ min afttT the initial pt‘ri- 
apsis. which was chosen to be the epoch for all of tlic' fits 
p(Tform(*d during this first orbit, For each case, tlu* last 
best (‘stimate asailable (at periapsis was used as tlu' 
nominal state; succeeding fits improved this state esti- 
mate. A priori sigmas used for all the fits wt re 250 km 
for the positional uncertaintii‘s *ind 100 in s for the veloci- 
tie. The fir;t fit after tlu‘ MOI w'as i>asc'd on approxi- 
mateh 2 h of ilata and included I5(> points eoverinu the 
time span between No\ ember 14. 1971, 01 h 48 inin 32 s 
.uul 04 h 29 min 32 s. 

rilNl’>l) was used for this initial eomeruenee case and 
was run in near-real-time, i.e., it was I'xecr.ted immedi- 
ately after thi* last rlata point to be fitted was received 
and included on the proper OD data file. Tliis initial 
convergence was compU*ted in essentially twx> iterations 
and was notable only for its triviality. The CTuise phase 
OD solutions and the Mars insertion itself w’cre so acc’ii- 
rately 0 x 1 x 1114 d that the TRKED convergence yielded a 
state whose position moved from the initial a priori state 
by only 26 km. Thii,s. TRKED’s extended partial-step 
solution and its full-rank solution (which w'us cxiinputed 
only for reference) are identical for each iteration of this 
case, because the total correction nt'ct'ssarv' to the a priori 
state valutas w^ere w'ell within the linear region of con- 
vergenct'. The conclusion is that, btxause the mission was 
so near thi* expected standards, the partial-step algorithm 
was not actually necessar>\ it w^s only a safeguard. The 
equality of the two different solution techniques can be 
seen in Fig. 20, which is a photocopy of the results of 
TRKED's first two iterations as seen on a remote terminal 
screen during the execution of the program on November 
14, 1971. The number of data points used in tlie fit is 
A/( 156), awl OLDPER and NEWPER are the iastan- 

tatu^us two-body pt^riixls in hours bt^ore and after the 
iteration, respectively. PS-DQ and FR-DQ are the partial- 
step algorithm and full-rank corrections to the state com- 
puted for tl^ particular iteration and are in the order 
X. If* 2 , X. y, z in units of km and km ^s. The two solutiont 
are identical. The position state has moved from the a 
priori values of 825.0, -2438.7, and -4038.0 km to 836.1. 

2419.7, and -- 4050.2 km, with computed sigmas of 
39,12, and 67 kin. (The coordinate system is the* Mars- 
centered mean Earth equator (ff 1960.) Similarly, the total 
ra move in velocity is seen to be less than 3 m/s. The 


ioii\ru;rii Iwoboib p' lioil ol 12 39 h r(|m\.iKiit to 

12 h A5 inm 24 s. 

Following the iuUmI rbkf'I) com crgi'iu r. thr rrsult- 
ing solution was used as a priori slafr toi rot onverging 
ovrr the same ilat.i span with tin* SATODT, This yielded 
the solution and niieerfainties compiled in the 2-h data 
are section of Table 10. net rss position change be- 
tween TRKED and SAIODP solutions is abou' 10 km, 
tins difference vextor lii‘s almost entirely in tlu‘ instan- 
tanc'ons plane of sky and has a magniiiide considerably 
within the eorres]^onding iinc ert.iint\ tilipsoid. Aftc'r 
c'nongb time b.id c'lapsed to allow' an acrninnlation of 
about 4 b of data, the S.M'ODP was used to fit this 
expanded arc, starting with the 2-h solution as the a 
priori state. Tins proecxlnre w as rc'pt ated two more' time's 
with the SATODF during the first orbit, once aftcT S li 
of data had been accumulated, and again after 10.5 li. 
Table 10 summari/c's S.ATODP position solution history 
for this first orbit. ConviTgenct* was ohtaiiuxl with two 
full-rank iterations for each of the four data arc’ solutions. 
Tlu* computed sigmas in the table arc* based on 1 mm s 
random data noise, and the* consider sigmas are derivc'd 
from the harmonic eoc*ffic’ic*nt nncc'rtainty rc*portc*d in 
Sec'tion K. 

If the four convergc*d statc*s from T blc* 10 are differ- 
enci'd, it can Ik* shown with tlie proper coordinate trans- 
formation that these diffi*rencc* vixtors all lie almost 
en irt*ly in the plane of sky. Because most of the statt* 
estimation error lies in the plane of sky, it is clt'ar that 
the inclusion of additional data in the fits of the first orbit 
dec'reast*s and pc*rhaps reorients this plane-of-sky error. 
Figure 21 suinmariz4*s the first orbit solution history* in 
terms of positional plane-of-sky dt*viations resulting from 
fitting the data arcs, which are increasing in length. The 
location of the squares (TRKED) and circles (SATODP) 
shows fpXn coordinate moves relative to an arbitrary zero 
ordinate value. The inscribed 0 or 1 indicates the itera- 
tion number yielding that particidar value of For 
example, the (J) appearing beneath the 6-h abscissa point 
corresponds to the r^n value resulting from the ODFs 
first iteration on the 4-h data-arc fit. The time evolution 
of the data noise (coniputed) and consider 1-e curves 
resulting from fitting tht‘ different data arc*s are shown as 
functions of the time of the last data point for comparisor 

Figure 22 similarly presents a summary of the solution 
history* in terms of the computed anomalistic orbital 
period (elapstxl time between successive periapsis pas- 
sages). The zero ordinate point corresponds to a period 
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i)f 12 h ,uul U mm Thr (ii^urrs drmonstratr prnpnlH s 
of tlu‘ satrllito orl)it c'omvrurmt' prot(Hl\in‘ whirh luno 
l>mi ])rrs(‘nt t!irouulmut tlir hisl«)r\ of tlu* s.itrllitr pli.jst’ 
of tlir jnissioii. (1^ thr lir- 1 itriation NoIu(u)n corrrts the 
orirntatioa of thr orl)it in llu* Kartli’s plaiu‘ of tlu* sk) 
lU' to its final N.ihn* nnIuK' the orl)it.il p^Tiot! is drnc'n to 
an rrronroiis \ aliu\ and (2^ tlu* srcond it<*r.ition solution 
nsualK I'orrrt'ts tlu- prriod to its final vahu*. All sul)so- 
<j\i(’nt sointion iterations in siil)sr(|nrnt ri'volntions of the 
satrllit<‘ mission wvrv jnrformed with tlu‘ full*sti‘p aluo- 
lithm m tiu' ODP, and eom eruiaiee was usualK ohtaiiu'd 
witli two sointion itc*rations 

B. Single Revolution State Solutions 

After the initial orbit solution was converged, the major 
task of the Satellite OD Group was to determine a pre- 
dicted orbit on which to base the first orbit trim maneu- 
ver. This first maieuver was planm^l near the periapsis 
passage at the enc of the fourth revolution, P*. To allow 
tin^e for data editing, data fitting, trajectory generation, 
maneuver computation, and generation of the spacecraft 
commands, the predicted orbit had to be determined on 
the basis of the first three revolutions of tracKing data. 

Three successive single-revolution fits were made over 
the first three revolutions. The consistency of the three 
solutions is shown in Fig. 2.3 in the same format as the 
pre-flight simulation fits prt*sented in Fig. 10. The actual 
trajectorv i.s not pictur; d in the figure Ix^cause it is ob- 
\tously unknown. The dispiTsion of is, howevt-., 

iipproximattdy 40 km instead of the 10 km seen with the 
simulated data, a.ui predicat'd pt»riapsis passage timi' 
mapping is poorer than with the simulated data, f'rom 
the data fit in the first revolution, the time of pt'riapsis 
passage one revohitiou later, at Ps, is in error by 3 s, 
whereas the same fit mist'stimatc's the pt'riapsis passage 
at Pi by 8.5 s. 

C. MuHi-Rtvoltition Sohitiom 

Because of the inconsistency between position esti- 
mates and between k)cal and predicted passage times, 
the Navigation Team (mceeded to sense the gravity fidd 
immediatdy. To dc this, a slate plus second* and third- 
degree coefficient solution was made over the first 
revdutioas of data. The position of this long-arc solution, 
shown on Fig. 23, falls within the qiread of the 
revohitiyn sohitiom. The times of periapsis passages are 
oonristmt with those which are local to the single-revolu- 
tion solubo^rx (accurate to 0.1 s), even when the solution 
is mapped H revohilion to f ■. 


The trajectory from the loim-arc fit was us<*d »o plan 
the first orbit trim maneuver. Tliis first inanemtT was 
designed to trim down the local orbital period from 12 li 
3.5 min to 11 h .58 min. The trim eontrolh'd t'a* pt'riod in 
the revolution P, to P to within an error of 1 s, 

0. Conclusions of the Pre-trim Solutions 

T!ie pre-trim orbit deterininution was sueet'ssfiilly car- 
ried out, but, as indicatt'd by Fig. 23, when cxmipared to 
Fig. 10, the following iine.xpected characteristics of tlu' 
OD process and of the Martian gravity ('nvironmtmt were 
observed : 

il) 1’lie (lisp<Tsion of sueeessivc periapsis jx>sitio-. cn i- 
mates in the plane of the sky was three to four 
liim s larger than pn*dieted on the basis of pre-flight 
gravity uncertainty estimates. 

(21 The predicted times of periapsis passage* were thrt'c 
times more inaccurate afteT a few nwolutions an 
expe'Cted. 

(31 The harmonic coi'fHcient e.sti mates from the 2*1’- 
re volution long- are solution were approximately 
four times larger than expected. 

E. OD Support for the Second 0/bH Trim Maneuver 

The first maneuver performed in the satellite phase 
trimmed the anomalistic period in revolution 5 to 11 h 
53 min so that the orbital timing would be synchronized 
with Coldstone. The period of the Mariner 9 orbit, how- 
ever, did not remain constant. 

The gravity structure of Mars accounts for the varia- 
tion in the period. This rough structure is characterized 
primarily by two strong gravity regioi«s on opposite sides 
of the planet and two omsistent, weak gravity regions 
removed 90 deg from ihe strong regions. These strong 
and weak gravity regions were manifested in the coeffi- 
cient solutkms as large values of C-s and 

Because the orbital period of the spaceoraft was ap- 
proximately 12 b and the prriod of planetary rot ion is 
24JB K the spacecraft at periapsis passed almost ever the 
same ground feature of the planet on every other rrvohi* 
tioo, and the gravity bulges caused by Cu and S„ i'len 
e x erted a pumping effect on the idanetocentrrc orbital 
energy and, he^, on the orbital period. This phenome- 
non, called resollaIX^^ can be intuitively iOustrated by the 
diagrams in Fig. 24. 



The fii;ure pivsc^nts a diagrammatic' vi(‘\v of the planet 
spact‘c*raft gc^ometry from along the Martian spin axis foi 
four suecessi\e points in time. The first view (a) shows 
the periapsis oceiirring direetly aho\'<‘ the* tesseral bulge. 
Thus, the perturbation is perpendicular to the velocity 
dir(^ction, and no pi'i iod changes occur. Because th(‘ rota- 
tion rat ‘ of the planet doc-s not quite keep pace with twice 
the orbital rate of the Npacccrafi, a few revolutions later 
the spacecraft at periapt is is ahead of the gravity bulge, 
as shown in (b). Now the giuvity perturbation retards the 
I nergy of motion, p dling the orbital period down. In (c), 
the probe periapsis has advanced to a point above a grav- 
ity valley, and the period levels off. However, m (d), the 
spacecraft periapsis is approaching the opposite bulge; 
hence, the energy and period are increased. This alternat- 
ing push and pull on the spacecraft resulted in an actual 
oscillatory period histcr; for Mariner 9, one cycle of 
which is shown in Fig. 25. The period oscillated in a 
quasi-sinusoidal manner with an amplitude of 40 s and a 
wavrieiigtii of 57 orbital levuiuliuns or lo'-j days, the time 
taken for the spacecraft to cover the entire Martian sur- 
face. The high-frequency variations in the period curve 
can be attributed to the effects of third- and higher-order 
gravity coefficients. 

The first orbit trim was performed when the period of 
Mariner 9 was near the top of the cycle shown in Fig. 25 
but was falling by about 3 to 4 s per revolution. Since the 
mean period (as determined later) was then some 40 s less 
than the controlled period in revolution 5, synchroniza- 
tion of the spacecraft periapsis passage with Goldstone 
view was not properly achieved by the first trim. 

A difference between the local period in revolution 5 
and the mean period was suspected prior to the com- 
manding of the first orbital trim. However, confidence in 
the estimated value of the mean period was low. Although 
the local period drift was observed, the determination of 
the mean period involved extrapolation of the orbit with 
a gravity model determined from only 2% revolutions of 
data. Because the high values of C 22 and S 22 dominated 
the model, the accuracy of the determined mean period 
was almost totally dependent on the accuracy of these 
two global coeflBcients, which were currently estimated 
from orbita^ motion over only 6% of the surface of the 
planet A 10% change in the magnitude of the Cj 2 , $22 
effect— / 22 — would result in a 4-s mean period change, as 
would a 10-deg change in orientation, A 22 . Because the 
confidence in the values of C 22 and S 02 was not at the 10% 
level, it was decided to take the local period estimate as 
the predicted mean period when computing the desired 
.Tim maneuver ignition time. 


Confid(‘nce in the gravity model increased markedly 
when longer-arc solutions, containing many revolutions 
of data, confirmed the g»"ivity model from the first pre- 
trim 1 fit. The accuracy of the single revolution fits also 
improved as gravity models were included in the trajec- 
tory generation model. This improved accuracy is easily 
illustrated by an extension of Fig. 23 to include fits made 
after trim 1 . This is shown in Fig. 26, where the fit con- 
sistencies are presented in terms of and AZ;, (see 

F^g. 6). 

The first four revolutions are the same as those shown 
Ml Fig. 23, and were proci'ssed w itii only the pre-flight J> 
value of 0.00197 in the gravity model. After the orbit trim 
was executed at P 4 , the remaining revolutions shown in 
Fig. 26 were processed with a fourth-order gravity model, 
determined from a solution over the first four revolutions, 
included in the trajectory integration. The solution devia- 
tions in all of the state components are consistent with the 
error magnitudes predicted from the covariance studies. 
The position estimates made after agree with neighbor- 
ing estimates much more closely than those made before 
P 4 , which indicates the extreme importance of in-orbit 
gravity modeling. 

With the increased confidence in the gravity model 
and, hence, in the mean period of the orbit, the OD 
Group performed a single-revolution fit from data in revo- 
lution 93. This fit was used to command a second trim 
maneuver in revolution 94, which readjusted the mean 
period of the orbit to synchronize ^^^th Goldstone. 

V. Martian Gravity Analysis 

A. Gravity Solution Description 

It was concluded from the findings during the pre-trim 
OD phase of the mission that the gravity sensing mode 
of the OD strateg)' would be a very important part of the 
entire OD system. This conclusion certainly proved to be 
true for the duration of the satellite operations. Hence, 
it is important to include a discussion of the characteris- 
tics of the gravity field solutions. 

Many harmonic coefficient models were determined for 
Mar:; throughout the mission to meet the navigation re- 
quirements. These models varied in the length of the data 
arcs and estimated parameter sets. Pre-flight covariance 
analyses indicated that estimation of the spacecraft state 
and harmonic coefficients through the sixth degree with 
data from four to six orbital revolutions would be useful 
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fur lui.'i^aluMi purposes. ( .’onstHpiuntlv . a total of 19 ciitlor- 
out si\tli-oi\U r rosouaiK’o inodt'ls ovor vrparato data intta- 
\als wiTo ol)tainrd during tlu* Hrst frw months ol tlio 
mission. Thoso modols wort* list'd for tlu' daf i iit< unti! 
around rtwoluiion 100, aiul tlu'v woro also usoful for oon- 
sistt'iioy oh 't'ks on tlu* \ahu‘s ot iiulisidual harinonit' 
coc'ffioionts. 

Ht'oaus-' ‘iS orliital rt'volulions ( U) da\s) wa ro rt'tjiuiotl 
for tho poriapsis point to oovt r 360 do^ in longitudo w ith 
rospoot to tla' \l,irtian surtaoi', this tuiu' span wm'^ a natu- 
ral out' to list' ill tho solutions lor haruionio t'ot'lfioit'uts. 
Two such 3S-rt'\ olutiou fits wtrt* mailt' \n i'i»^hth-dt')^n'o 
harmonio modol was i^t'uoratt'd by I.oroll and baiiu!; 
(Hot 16^ ot tho Calostial Mt'ohauios I't'aju o\t'r ri'\oln- 
tions 1 to t2 Lator, a tt'nth-doi^ri'o harmonio modol o\t r 
ro\olutii ns 32 to ^K) was ^ouoratod by tho \a\iu;atiou 
Toam. 

Bt'caiist' a modol basod on 38 ro%'oliitions was \ alid for 
all subsequont groiin tracks, it was sufficient for subse- 
quent real-time navigation. On December 19, 1971, the 
eighth-degree harmonic model based on revolutions 4 to 
42 was made available to the Navigation Team. This 
model was used for short-arc fits from revolutions lOO 
through 250. On March 28, 1972, the Navigation Team 
completed the tentli-degree model over revolutions 52 to 
90. This model was used for all fits beyond revolution 250, 

Table 11 lists all gravity models generated during the 
satellite phase of Mariner 9. 

B. Physical Description of the Gravity Field of Mars 

The estimated values of the coefficients of the respec- 
tive gravity models have diEered from solution to solution 
because of the presence of higher-order unmodeled grav- 
ity coefficients, planetary ephemcris errors, and attituv^e 
control gas leaks on the spacecraft. However, solutions for 
several of the lower-order coefficients have been relatively 
I'onsistcnt for all estimation lists and data intervals. 

The solution for the second-order zonal coefficient, 
is (1.96 ±: 0,01) X 10 ^ which is in good agreement with 
the value determined from Earth-based optical observa- 
tions of the Martian satellites and frotn Mariner 4 data. 
The direction of the Martian spin axis has been estimated 
simultaneously with the gravity coefficients; hence, the 
values of the coefficients and are very small How- 
ever, the values of the resonance tesserals C 22 and 832 
are ~5(±:0.5) X 10“® and 3(±0.5) X 10 ®, respectively, 
which are approximately four times larger than expected 
from extrapolation of the Earth's potential Physically, 
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till* / term coiTcspoiuls to a gravitational bulge aiound 
the Martian i'quator, wliieb is svmnu'trie aiiout the Mars 
spin a\is When C. and eombme, tliev pioiluci* a 
gravitational bulge at the Martian equator, vvbieb is 
superimposed on the / bulge hut is svmim'lrie .iboiit a 
plane in vvbieb tlu' spin axis lii's. lienee, the gravity bulge 
eaused by j, S cun be thought of as plaei'il on the front 
and back ot tlu' planet, with gravity v alleys on the sides. 

Third-degree ti'rms, S,,, and S,,, liavi- also 
shown relativi' eonsisteney. 

Thi' liarmonie coefficient values for tlu* tenth-degree 
harmonic model are givi'ii in Table 12 It is einphasiml 
that only the aforeim*ntion<'d stabk' term.s f'.., 

Cm, and S,) are meanit^gful mi an individual 

basis. However, tlie I'nscmble of coefficients has worked 
well for navigational puq^oses for tlu' Mariner 9 orbit. 

The gravitational structure of Mars, as represented by 
coefficu'uts, whose values an* given in Table 12, is char- 
acterized hy an eipiipotential surface with a large eijua- 
torial bulge, whose height at tlu* equator is approximately 
18 km above tlu* polar height if a mean radius of 3394 km 
is assumed. Superimposed on this eejuatorial bulge, the 
tessi’ral tiTuis eombiiu* to form a 1.2-km bulge above 
the moan equatorial surface in the Tharsis rt'gion of the 
planet (llO 'W longitude). A corresponding high bulge of 
approximatelv 0.5 km oeeiirs on thi' opnositi* side of tlu* 
plaiu't ill the Syrtis Major region (280^\V iongitudi'), ami 
low valleys, 0.6-km deep, are located at 30 and 180^W 
longitude. 

C, Consistency of Gravity Solutions 

Figure 27 illustrates the dis[ jrsion range of all har- 
monic solutions as a function of degree and order of all 
coefficients through four. The values have been divided 
their respective a priori uncertainties as derived by 
extrapolation from the Earth s value. The vertical lines 
cover the range of values of the sixth-degree solutions; 
the white circles indicate the tenth-degree fit, the dark 
circles the eighth-degree fit. The results for Cjo are shown 
as a deviation from the pre-flight value. The dashixl line 
represents l-<r variations in the estimation of the coeffi- 
cients based on the extrapolated values for the Earth. As 
can be seen, many of the solution values are three to five 
times greater than pre-flight expectations. Note that C^o, 
Css, S 33 , Cai, Ssi, and 8 -.^ all appear to be reasonably 
consistent but that estimates of the higher-degree coeffi- 
cients are unstable. This instability is due to the fact that 
the efiects of many of the harmonics have similar slgna- 
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(nil's III (lu‘ iloppli r ilata ( \>nM'i|tu'iit!\ . tlirsi' i oi llirii'iits 
am lip^IiK roiu lati il .mil, to a ili'^ior inst'paiaMi' 

D. Error Sources for Gravity Field Solutions 

Post-lit ri suluals ot (hr Nt.inni'i 0 ilopplrr ilat.i ol) 
taiiu’il alti'i* orbit insi'rtion air onr to two onlris of mav;- 
nituilr lai^iT than thr pos* fit rrsuluaK tioin tlir I'rm.si' 
poition ot till' mission I'liitlirimoir, tlir rrsiilnals aitri 
oriiit insrrtion show rlrai stinrtnrr, rsprrialK for dat.i 
ohlaiiird iirar [irriapsis pass.uir. ( a)iisr(|nriitK', thr hai 
monir inodt*ls ^rnrratrd thus far lia\i' drfiririirirs both 
from tlir jHimt ot \ irw ol srrMiii; as a na\iga(ion tool .uid 
iif artualK modrlmg (hr j»ra\i(\ tirld ol Mars. 1'hr ransr 
of this drfiririuN falls into lour ratr^orirs. whirh air ihs- 
c nssi'd briow. 

1. Limitations of the harmonic expansion. Hit' splu'ii- 
ral harmonir r\piiiision usrd to rrprrsi'iit thr MtUS i^ra\ ity 
potential must lir truiiratrd. usually after (he first tew 
tt'us of terms. In general, the effects of such omitti'd terms 
are partly “absorlu'd" by other eoiupoiu'uts of tlu' motlel, 
whose loi'lfieu'iits tiilsi' on compensatorv \*dut‘s. Thus, tlu' 
\aliu' ot tilt' harnionie eoeffieieiits (fbtauu'd in a particular 
solutitm will dept'iul both on tlie span of data ust'd and 
on till' numbi r of tt'rir.s rt'taiiu'd in tlu' liarinonic I'xpan- 
sion. With data from only oiu' spact'cratt orbit available, 
many harmonic coefficients lea\ e similar si^n.itures in tlu' 
data, whic h I'auses certain combinations of coefficients to 
be lu'arlv linearly depc'iuh'nt. It may be possible to allev i* 
ah' this problem by adding difft'rent data type's, such as 
landmark and natural satellite observations, and data 
from th(' oceultation expe'riment. 

2. Gas leaks and radiation pressure. Sporadic gas U'aks 
in tlu' attitude control system produced accelerations on 
the order of 10 'Mo 10 km s" Such leaks art^ extremely 
difficult to model accurately, and engineering data on 
tliein have been refined only for revolutions prior to 
trim 2. Studies over this region indicate' that uninodeled 
gas leaks are an insignificant factor on the harmonic 
cot'fficient solutions compared to other model defieien- 
cies. The imniodeled part of the solar radiation pressure, 
togetlu'r with Mars reflected and reradiated energy, pro- 
duces an acceleration which is somewhat sniallor than 
that cause'd by the gas leaks. 

The eflFects on the estimates of the hannonic coefficients 
of unmodeled gas leaks are illustrated in Fig. 28, where 
the differences between two coefficient models deter- 
mined from the same four-revolution data arc, one with no 
gas leaks modeled and the other with gas leaks modeled 


uis ilt>ciibcii m Section 111 M , .uc ilcnotril bv the \ci 
tic.il Imi.s, Phr oidm.itc sc.ilc is (he same as that 
!''ig '17 Although (his miule! has a lelativeb vnull effeet 
on ./ , the eliaiiges m man\ ol the lugliei -liegu e teims 
seem moie sigiulieant lelative to thi' .issumeil u priori 
uiK'ei (.unties. 

ik Kphomcrith's. l lu' lauguig. oi time del. i\. me.isuie- 
meiils milu’.ite that the cphemciulc.s used to .m.ilv/c the 
imcr 9 data in Section 111 .ue m cnor m the K.irtli 
oais direetion by several kilometers f'igme illus 
(rates the ellects of siuli eriois on the estim.iti's of the 
haimome c'lU'fKcieiits. wheu* the diffcicmcs hi'twci'U two 
haimome eoeflieicnt sets, deteimmed using I")!'' 7^1 .md 
nil lespeet.v el\ . aic denoted h\ the veitieal luis ,is 
m I'lg :2s The two epliemeiides dtiler hv about S km 
.md 0 mm s m the Kartli-Mars rangi' and r.mge' rate. 
res|)ectiv elv'. (Tocfficii'iit solution diltereiiecs arc mostly 
smalli'r than those iMu.scd hv tlu' g.is h'.iks. and lu'nce 
they show the lower scusitiv itv of the I'.dimatcs of the 
harmonic coefficients to this onicr of cphcmcris t'rror. The 
two diita arcs for Figs. and 29 wi" ' diffcrc’iit; thus, tlu' 
solutions for the highcr-dcgrt'c l ocfficicnts tlo not agret'. 

4. Station h>cutions. Another souuc of model error is 
intnuluccd by the uneertainties in the geoc^'iitric locii- 
tions of traeking stations, wbieh ari' on llie order of 3 m 
in longitude (in the system defined by tlu' planetary 
ephemerides) and 2 m in ilistanet' from the Faith’s spin 
axis (^b'f. 17). These errors, Ix'ing diurnal, are highly cor- 
related with those of the moih'ls used to describi' the 
effects of the Earth’s atmosplu're and ionosphere on tlu' 
propagatioi; of the tracking signal. Analyses, especially of 
the cruise data, are lieing undertaken to reduce this error 
source. 

VI. Science Support Orbit Determination 
History 

A. Solution Procedures 

The great bulk of orbit solutions which were gener- 
ated by the Satellite OD Group were in support of science 
sequenct' planning and science data -reduction efforts. 
Prediction trajectories had to be providt*d to locate the 
pri'dieted Mars ix'riapsis ixisition of the sixicecraft to an 
acviiraey of 10 km in the Martian plane of tlu* sky for 
a period of 1 vvet'k into tlu' future. Tliese traji'ctories 
wm* used to align tlu' scan platform prior to sensing the 
Martian snrfaci\ Thert'fore, the predicti'd trajectory re- 
(piirement was imjKmHl at all times at which scan plat- 
form maneuvers were imminent. The 10-km ac'ciiracy 
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un[mi(’mriit is roiisisti nt with ,i maximum siariuv mstiu 
iiuiit pomtinu mK<‘ilamt\ ol 0.5 rsnu; tlu' pirdu’ti’il 
tia|(vtoiirs su])| iu'cl !)\ tlir Satrlliti' Ol) (u'oup, tlir ims- 
sion ohtamrd a total ol more than 7(HK) 'T\ imai^c's, 5().(HK) 
i \' sjK'c’tra. 2( .000 1 spe c tra, aiu! 100 S-haml otvulta 
tioii mcasmt'iiu’i'ls ol t!u' M.irtian surtaev 

Prediction orhii*; wcp' gciu'iatcd on th<> ha.sis of short- 
arc data fits dcfijii'd h\' tlu' stratejiy di.scus.sc’d in Sec- 
tion Mi. iJ)ata 'V(*rt‘ fit onet‘ or twice ptT week in accord- 
anc(‘ with inis.sion ncH'ds. W’hih' the 26-m antt'unas wer(‘ 
traciving, tiu' basic strat('g\- was to process a single revo- 
lution of data. TIu‘st‘ fits contain (‘uough data to minimize 
tlu* e'ffeets of data noise* and still yield accurate* state solu- 
tions. Afte*r the* spaci'craft we*nt out of range* of the 26-ni 
antennas, many of the* short-are fits eontaine*d data from 
two successi\ e re*volutions, which prewided enougli infor- 
mation for adequate orbit de'termination. Tht*st* single- 
station, hvo-Rwolution fits, however, are not as accurate as 
the^ singlet-revolution muUi-station fits. During the entire 
satellite phase of tlie mission, appro.ximately 190 short-arc 
fits were performed in support of missiem objectives. 

It was also necessary to provide final trajectories 
throughout the rt'gions in which visual images and spec- 
tra were obtaineek These smooth trajectories were deter- 
mined from local doppler data and involved extrapolation 
only a few revolutir^is beyond the data interx al. The time 
of periapsis passage was held to a maximum allowable 
error of 0.1 s throughout the extrapolation, rendering the 
n-error the dominant position uncertainty. Tlie trajec- 
tories provided the final best estimate of the spacecraft 
position at science data acquisition times, and thus they 
were used by the science experiment<*rs in the reduction 
of the instrument data. 

Smooth orbits were g(*nerated from multi-R*\olution, 
long-arc fits to the data. Early in the satellite mission, 
most of these trajectories were derived from data fits 
which had been originally used to generate harmonic 
solutions. As the mission progressed, slate-only fits, with 
a proper harmonic coefficient set in the dynamic model, 
proved suitable. Most long-arc fits were determined over 
six revolutions of data until revolution 191, after which 
one or two revolutions of data proved adequate because of 
the availability of a more complete harmonic model. The 
long-arc fit activity was suspended after revolution 277. 

B. Solution Summaries and Accuracies 

1. Accuracy criteria. Since the accuracy of the location 
of the spacecraft in the periapsis region was of prime im- 


portaiKx* to scit'iicc', tin* discussion ot the iKi'iiracN ol both 
the predutt'd and smooth orbits will b(* limiti*d 1 h*R‘ to 
ihr position .irrnrac\ at pniapsis I’hc prc-llcdit 'vtudir*- 
iiulicati'd tiiat tlu* (*rror in tlu* spaiccTalt ('stiinatcd posi- 
tion at periapsis is eompriM*d almost entin*Iy of tiu* \re- 
tor sum of the local position erreu’ which icsnlts from tlu* 
imprecision of tlu* dt'tcrmiiicd longitudt* of nod(* in tlu* 
Earths plant* of tlu* sky and the mapping error caused by 
au t*rr()m*oiis pr(*dictt*d time of periapsis. Tlu'st* two posi- 
tion t'lTors, denott*d respeeti\ ely by and r;,AT;„ thus 
will bt* list'd as criteria for judging the accuracy of local 
and prt'dicted orbits. 

Becaust* a local time of pt*riapsis pa.sSiigt* (i.c., a time of 
pi'riapsis citlu*r within or near tlu* ends of a proce.ssed 
span of data) is determined tt) within 0.1 s, the errors in 
tlu* pretlieted pt'riapsis tinu*s art* t*asily mt*as;ired by 
comparison with updated passagt* times dt*termined after 
local data are available. Thus, values of a 7V the peri- 
apsis passagt* timt* error, wert* i*asy to compute for all pre- 
dicted trajt*etorit*s at any future periapsis. Errors in U are 
more difficult to assess because tlu* true value, or a mort* 
accurate value, of 12 is iu)t available. For purposes of indi- 
cating tlu* accuracy of tlu* 12 value for a particular esti- 
mated orbit, tlu* eonet'pt of the average or mean O will be 
employed. Thus, tlu* node error, A12, will be referenced to 
a mean Q value, which has been determined from averag- 
ing many Q solutions made throughout the satellite mis- 
sion. Values of AO, then, do not necessarily represent the 
actual error in 12 for a particular estimated orbit but indi- 
eati* only the d(*\ iatious from average. 

2. Short-arc fit summary. A partial list n cho short-are 
fits which were computed during the satellite phase of the 
mission is given in Table 13. Included in the table are 
de\*iations from a mean orbit at periapsis in the deter- 
mined position, which lies almost entirely in the Earth s 
plane of the sky. The mean orbit is determined from all of 
the short-arc fits. Values of the n deviations in degrees 
are also given. The Q error is related to the position error 
by Tp, the distance of the spacecraft at periapsis from the 
Mars-Earth line of sight. The evolution of fp throughout 
the satellite mission is presented in Fig. 30. Also included 
in the figure is the evolution of the component of the 
Mars-spacecraft vector at periapsis along the Earth-Mars 
line Zp, 

Deviations in the plane of the sky position may also be 
related to in-track and out-of-plane position deviations by 
using Fig. 31, which shows the evolution of the ratios of 
the in-track and out-of-plane position deviations to fpAn. 
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Viuuiid rt*\t>lution i2S0. tiu' i} ('iior I'oiitnliutccl ^ilinost 
r\i luM\rI\ to ail m-tjMrk position (’nor, \\liil(‘ aromul 
ic\oIiition .'^90, tlu’ 12 t'lror ti ll rntirrl) out ol tlu' orI>it 
plane, Vt tins partieul.ir lime, the Kaith \ie\\ed the 
MariiuT orbit “edge-on/* (Tlu* U-ta ror \'ector never has a 
eompoiK'nt in the loeal «dtitnd(» dia’etiond 

Tabl(‘ 13 ineliidt's a eolumn whieh lists the number of 
r(‘\’ohitions for whieh tlu‘ predicted time of penapsis was 
accurate to within 2 s. Since the \’eIoeity magnitude at 
periapsis was 3.8 km s, tiu' 2-s error toleranct* corre- 
spoiuls to an in- track position error of 7.6 km, which is 
close to the flight accuracy recjuirtanents of 10 km. Thus, 
the number of mapped re\olutions for which the STp is 
less than 2 s corresponds roughly to the number of revo- 
lutions lor wliii h th(‘ prediited orbit was satislactor\ for 
srience se(iu('nee command generation. 

3. Long-arc fit summary. TabK' 14 is a complete list of 
the long-arc, or smooth-orbit, estimates, which were gen- 
erated by the Satellite OD Group. As in Table 13, values 
of the position deviation r^^Ml and the angular deviation 
An from the mean of the long-arc fits are given. Also in- 
cluded in the table is a column for the periapsis to which 
extrapolation of the fit was allowed; i.c., the tolerance of 
0.1-y time-of-periapsis passage was not violated for the 
periapsis listed. 

4. Local position accuracy. Figure 32 displays the time 
history of the deviations in (i from tlie mean values of Q 
for the short-arc solutions of Table 13. The values in the 
figure are taken directly from the tabic. Little sensitivity 
of the consistency of the 0 solution to the degree of the 
gravity coefficient model can be seen in the figure. How- 
ever, when only the 64-m station was tracking, the two- 
revolution, apoapsis-to-apoapsis data span fits were not as 
accurate as the single-revolution, three-station fits. 

The rms local position error from the mean was approx- 
imately 5 km, while both the 26- and 64-m tracking sta- 
tions were receiving data. After the loss of the 26-m 
stations, the rms position error rose to 8 km. 

The rms local position deviation from the mean for the 
long-arc or smooth solutions was slightly less than 2 km, 
which indicates that the long-arc mode of processing 
yields the more consistent local position estimates. The 
mean position estimate from long-arc fits agreed within 
1 km with the mean position from short-arc fits when the 
averaging included all fits made between trim 1 and 
trim 2. TTie difference between the respective mean posi- 
tions, based on fits after trim 2, was just less than 2 km. 


5. Prediction accuracy. As the tiiiu* of prediction in- 
er(‘a.s(‘s, tlu* in-tr;uk ur timing errors dominate those 
eaiisetl by (Trors in 11, Figure 33 is tApieal of the error 
growtii for T,, for tlu‘ tenth-degrei' harmonic iiuxlel. It 
was generated by performing a short-arc' fit and solving 
for stat(‘ only. The ri'sulting solution was integrated for- 
ward in time, and the pri’dieted 1\. ^^'as compared with 
more accurate values obtained from numerous short-arc 
fits throughout tlu' subsecjiient tracking data. The error 
exhibits a 19-da \ periodic \ariation, indicating a defi- 
ciency in the t'\ cn-ordtT tesscral harmonics. The accom- 
panying secular error is attributed to errors in the gravity 
fit ‘1(1 combining with errors in the initial state to yield an 
incorrect nu‘an period. 

Another manifestation of in- track errors is seen in 
predicted dopplei residuals. Figure 34 shows doppler 
residuals associated with a one-revolution fit and the sub- 
sequent 20 revolutions of prediction. The prediction re- 
siduals exhibit pt'aks in the periapsis regions which follow 
a secular trend and rt'ach a maximum of 50 Hz, equivalent 
to a 5-s error in T;,. As can be seen from the insert, the 
rt‘sidiials within the fit also have a systematic structure 
of about 0.1 Hz, reflecting model dc^ficiencies. 

Figure 3-5 shows the mappin^ accuracy history of the 
short-arc fits in terms of the number of revolutions for 
which the predicted time of periapsis was accurate to 
within 2 s. The plot is taken directly from the values in 
Table 13. It is important to note that the feasible predic- 
tion inter\';il increased markedly as the sixth-degree grav- 
ity field was replact'd by the eighth-d(*gree field. The 
average* number of revolutions that could be predicted to 
within the 2-s tolerance rose from 6 tn 14. Tlie commcnct'- 
ment of the use of the tenth-degree field, however, coin- 
cided with the loss of the 26-m stations, and no noticeable 
prediction improvement was achieved. Later in the mis- 
sion, as solution procedures were somewhat refined, the 
prediction capability increased, so that predicted orbits 
were accurate to within 2 s for as many as 40 revolutions. 

VII. Perturbed Orbital Motion of Mariner 9 

A history of the Mariner 9 Kepler elements relative to 
the Mars true equator of date is analyzed here to deter- 
mine the short-period and long-period characteri.«tics in 
the evolution of the orbit. The short-period variations are 
found by performing a one-revolution fit and integrating 
that solution for one satellite period between two succes- 
sive apoapses. The long-period orbital element variations 
are obtained by sampling short-arc OD solutions once per 
satellite revolution at periapsis and apoapsis. Only the 
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apoapsis l)istory is shown siiici* pcriapsis results wcto 
noisitT hecinis(‘ of tlu‘ intcTUotion hctwoon short- and 
long poriod eftVcts. Tlu‘ Koplor t‘h'nu*nts discusst’d span 
\IaniUT oihits o throuuh 502 (approximatolv 250 dass'' 

A. Theoretical Considerations 

Tho portiirhations in tho Marinor 9 orbit arose from the 
noncentral properties of tlu‘ Mars mass distribution and 
from disturbing effects of the Sun, solar radiation pres- 
sure, and other planets. Although these perturbing effects 
wert' small (at least 500 times Ic’s:; than the in\ erse attrac- 
tion of Mars), each induct'd a distinct variation in the 
orbital elements. In order of importanci', the major per- 
turbations were: 

(1) Mars gravity 

(a) Equatorial bulge, 

(b) Equatorial elliptieity, 

(c) Other resonance harmonics, m even. 

(d) Other tesseral harmonics, C^,, S^,, Cn, S^. 

(e) Higher-order harmonics. 

(2) \-body p(‘rturbations 

(a) Solar gravity. 

(b) Solar radiation pressure. 

(c) Other planets (Jupiter, etc.). 

The time dependence induced in each of the Kepler 
elements by these perturbations is given by the Variation 
of Parameters Equations (Ref. 18): 

r/k 

j7 = 2 P{o,e, i) [C|* cos ^ + S|„ sin 

«* l.m 

t ico t ic..; ^ L (19) 

m • 

where k is the six-vector of orbital elements; k^.and 
ksK are the solar gravity, Jupiter, and solar radiation pres- 
sure perturbations, 

^ = [(1 — 2p) « + (/-- 2p -f <^) M + m (n — d)] 

( 20 ) 

ly m, p and q are dummy indices, and B is the sidered 
time. Using first-order perturbation theory, solutions to 
these equations can be approximated. If only the varia- 
tions arising from the Mars noncentral gravity are con- 
sidered, the following solution can be postulated: 


E F id c I 

siuuMM S , 

( 21 ' 

wlu're 

C/ (/--2/))m \ {J Ip i q)M \ 0) (22) 

and 

C (f)-^(O ^ l it - (23) 

The terms in Eq. (21) will gencrati* ncarK' periodic varia- 
tions in the orbital elements having the characteristics 
shown in Tabic 15. Since the orbital rate of Mariner 9 and 
the rotation rate of Mars are nearly commensurable (2:1), 
a resonance condition exists. In the notation of Eq. (21), 
the commensurability of the rotation rates is 

• • A/ 

(n — (24) 

Because Mariner 9 was very near critical inclination, the 
argument of perifoeus rate was very small relative to the 
other rates; hence, it is assumed to be zero for this calcu- 
lation. Using the commensurability condition and setting 
M — 0, the following relationship is obtained: 

|^(/-2,, + q)--y]A/~0 (25) 

For resonance, 

(/ - 2,> 4 (7) - y (26) 

Any tesseral harmonic in the gravity field fulfilling this 
relationship generates a rcsonar perturbation in the 
orbital elements (Ref. 18). Using ihese concepts from 
perturbation theory, an analysis ot the orbital element 
variations can now be performed. 

B. Analysis of Orbit Evolution 

1. Short-period effects. The short-period variations in 
the (N*bital elements of Manner are shown in Fig. 36. 
These variations cover one orbital period as measured 
from apoapsis to apoapsis. Because the orbit has a highly 
elliptical shape, the short-period variations are all concen- 
trated in a region very near the periapsis (Tp ± 100 min). 
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Tlu'st* short “i)tTi()d variations rosuh from a supiTposition 
of all the harmonics in tlu' Mars i'ra\ity field. Tlu‘ short- 
pt'riod filiations in semimajor a\.s of * 21 and - 24 km 
correspond to oseulations in tlu* pi'riod of 105 and 120 s. 
The assoeiatt'd short -p(*riod variations in ecviaitricity eor- 
respond to local ehangt*s in tlu' pi'riapsis height of 7.5 and 

8.0 km. Tl;t‘ triaids associated with each of the orienta- 
tion angh's (/, o)) ai'(' diu‘ to tlu‘ perturhing efFi'cts of the 

zonal li rms in tlu‘ Mars gra\ ity and V-hody ptTtnrhations 

2. Long-period effects. Tlu* long-period osculating orbit 
c'lements of Mariner 9 are illustrated in Fig. 37, (a) show- 
ing the in-plane elements {a,(\P) and (h) the orienta- 
tion angles (/, «», Eacli part shows the variation in the 
orbital elements from an epoch value. The semimajor axis 
and anomalistic period X'ariations are referenctnl to an 
epoch value at apoapsis 5. Since' tlu' se'cond trim mancu- 
N'cr was p(‘rfoimed in orbit 94, tlu' remaining elements, 
r, i, <»>. and U, an* referenced to two different epochs to 
show p('riodic ' ^iriations on this scale. From apoapsis 5 
through 94, tlu‘\ are dilhaa'iiet'd from apoapsis 5. whereas 
from apoapsis 95 through 502, tlu'y are differenced from 
values at apoapsis 95. It can be noted directly from the 
figures that the second trim maneuver increased the mean 
value of the semimajor axis about 16 km. 


The discontinuities e.xperienct'd in each of the orien- 
tation angles are a manifestation of both gravity model 
errors and observability problems associated with 
During the early phases of the mission, very preliminary 
gra\'ity models \vert» used, and, as a result, adjacent solu- 
tions did not extrapolate continuously. As the mission 
progressed and improved models were obtained, the ex- 
trapolation quality of the models markedly improved 
until loss of the 26-m antennas. The observability prob- 
lem previously disaissed projects onto each of the orien- 
tation angles relative to Mars equator. 

3. Effects of oblateness. Because the gravity field of 
Mars possesses a large oblateness term, a regression of 
both the argument of perifocus and ascending node was 
experienced by Mariner 9. The results for A<ii and An, pre- 
sented in Fig. 37, have had a rate (approximately the 
first-order secular rate of C^o) subtracted. The values used 
in this calculation are given in Table 16. 

The regression of the ascending node was the largest 
and most dominant perturbation a£Fecting the orbit (about 
0.16 deg/day). The presence of oblateness caused a differ- 
ence between the observed anomalistic period and the 
equivalent two-lMnly pt'ricxl hmvil on an average senii- 


ma|oi axis 4'lu' diilriciur in prnotl i ausrd b\ (’ , is 
loiind as loilows 


sr 



1 ■ 


(27 


w here 
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3 , //iV ydeos / n“ 

4 ^ \a„ ) i\ c r 


(29' 


Tlu* N iiluc of the difference* in tlu* pi*riod is 4.4 s. 


4. Resonance effects. Tlu* rt'sonancc condition induced 
hy the tt*s.seral harmonics in the Martian gravity field 
generates a periodic pnturbation in each of the orbital 
cl(*mcnts. Since all even-order tesscral harmonics satisfy 
the resonance relationship, they superimpose to generate 
the 39- n* volution periodic effects obsened. Analysis has 
shown that 90% of the resonance variations arise from 
and S the equatorial elliptieity terms. To illustrate this 
point, an analytii al trajt'ctory generator (R<*f. 19) w as used 
to predict the mean anomaly at time of periapsis passage 
for one resonance cycle. Three gravity models were em- 
nloyed in this study: 

(1) Equatorial oblateness only (C..,,). 

(2) Triaxial (C,,„ C,„ S.,,). 

(3) Complete eighth-degree model. 

Figure 38 shows the errors in mean anomaly and Tp using 
these three models. As can be seen, the triaxial model 
reduces the errors by a large percentage. The addition 
of higher-degret‘ harmonics (through degree and order 
eight) provides enough resonanct* harmonics to reduce 
these errors to 0.01 deg and 2 s, respectively. The reso- 
nance harmonics induce a periodic variation in the anom- 
alistic period with an amplitude of 40 s and an associated 
variation in the semimajor axis with an amplitude of 8 km 
(see Fig. 37). This corresponds to an in-track position vari- 
ation with an amplitude of 1000 km. 

5. Effects of nonresonance tesserals. Analysis of the 
variation in the orbital elements reveals that high- 
frequency oscillations are superimposed on the basic reso- 
nance cycle. The effects are particularly noticeable in the 
semimajor axis and anomalistic period variations. These 
variations (shown in Fig. 25) are generated by the odd- 
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ordcrrd tcssoral harmonics, principally C,,, S ,,, and Cu, 
S\ At a maximum, tlu\S(‘ terms indiici' variations of 0.5 km 
ni th(‘ semimajor iixis at aj)oapsis and period clKuuies of 
2 s 

6. N-body effects. Tlu* long-term tri'iids cxm‘rienc('d by 
the orbital <*lements (\ i, r^, ii are due to \-l)ody p(‘rturl)a- 
tioiis, solar radiation pressure, and the (‘fh'cts ot gra\ it\ 
coefficients. To separate tlicsc effects, the perturbations 
of tile Sun, Jupiter, and solar radiation pressure have been 
numerically integrated and are shown in Fig. 37. hor the 
c ase of each of these >rbit parameters, the Af-body effects 
are indicated by solid lines on the figures. Assuming that 
all other perturbations are negligible, the difference be- 
tween the iV-body effects and the value of the osculating 
elements at any point is the variation arising from the 
Mars gravity field. A large amount of the long-period 
variation experienced by the orbit elements is due to 
.V-body effects. The solar gravity and radiation pressure 
perturbations are near-periodic, with a frequency propor- 
tional to a Martian year (1.8 Earth years). Solar gravity^ 
perturbations are an order of magnitude larger than those 
of solar radiation pressure. 


The change in apoapsis height o/er revolutions 92-502 
was computed to illustrate the long-term effects of all 
perturbations on Mariner 9. The long-term change in 
eccentricity over this period is Ac = —0.9 X 10 ^ The 
corresponding change in apoapsis height is 


The rather subtle effect of solar occultatioii can be seen 
in Fig. 39, where the c'rror in mean anomaly and time of 
periapsis passage arc* shown for an analytical ephemeris 
generator, which does not model the cdfc'cts of solar radia- 
tion pressure*. An epocli state \(‘c‘tor at pc'napsis 95, the 
eighth-d(‘grc‘e harmonic* mode, and the' c*om*ct av(‘iage 
iiuMii motion \N(*rc‘ sup|di('d f the* .uialylieal program. 
Tlu* states ui’ie* tlien ohtaiiu*d at p(*riapsis time's gathere’d 
from local ()D solutions o\e*r revolutions 105 to 505. Tlu* 
figure shows that the* error in T,, is small and osc illate’s 
about Acro until the spacc'eraft c'liters solar oecult«ition 
at about re’volution 285, aft<‘r which tlu* rate increase's 
st(*adily. This change in tlu' mean period of tlu* orbit 
is rc'NC’aled bc'causc* the analytical program makes no 
attempt to modc'l solar radiation effi*ets. .\ftc‘r solar oecail- 
tation (rc'volution 402) tlu* nu an rate of c'rror growth in 
l)ec*e)mes c'onstant. indicating that tlu* spacc'eraft nu'an 
orbital |)eriod was again c'onstant. 


From the slope of the error growlh in M aftc*r solar 
oceultation, it is jiossible to compute* the change* in me*an 
period during solar oceultation. 
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Ar„ ~ aAe " 11.4 km 

To calculate the long-term effect of the Mars gravity 
field on the apoapsis height, the N-body effects were sub- 
tracted from the osculating eccentricity. The resultant 
long-term change in eccentricity was Ae = 0.375 X 10^* 
or Afa = 4.7 km. Corresponding calculations result in a 
long-term inclination change of Ai = 0.1 deg. These 
changes in e and i result primarily from the interaction 
effects of sectorial harmonics C.- and S-. in the Mars grav- 
ity field. 

7. Effects of solar oceultation. The solar oceultation 
period, which occurred between values of eccentric 
anomaly of 240 to 277 deg, also caused a perceptible 
diange in the energy of the orbit, which is manifested in 
a dumge in mean semimajor axis and anomalistic period. 
For the orbits during which the spacecraft was in full 
sunlight, the change in energy caused by solar radiation 
averaged to zero over the period of the orbit. 


where n - 0.873329 X 10 ‘ rad min is the average mear^ 
motion. 

Hence, solar oceultation increased tlie mean anomalis- 
tic period by approximately 0.9 s. Equivalently, it changed 
the mean semimajor axis a by 

mAP 

Aa = = 0.185 km 

The above results may be verified analytically by aver- 
aging the planetary equation for semimajor axis given by 

where 

S — radial component of acceleration caused by solar 
radiation pressure 
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T taii^(‘iitial fompoiifiit of oausod !>>' 

solar ladiatiou prt'ssiiro 

\wrai»in^ Eq. (30^* ov(‘r tlu‘ ponod \U‘lds 


\(i 


H' 

H 


- [A t*os E E \nr sin K] 


(31 


where 




FA 

compoiu'iit of solar 

radiation 

acceleration in 


direction of periapsis 


FB 

component of solar 

radiation 

acciliration 


normal to periapsis 

dirc*ction 



aiul in iiuroasi'd lil(‘linu‘ lor Marliua 9. Tla* I'lFt'ct ol 
oitidtation on the ot!u*r orbital (‘Kanonts is small. For 
r\ampl(‘. 


Aw 0 (X)S dr^ 


VIII. Confirmation of Doppler-Determined 
Orbits With TV Imaging Data 

During tlu* satrllilo mission, tho MariiuT 9 sparocraft 
transmitlt'd o\or 7(XX) pictures coMTing the entire planet. 
.\ select subset of these picturt' data lias lu‘en proct\sscd 
with a vit‘w to improving existing knowledge of the physi- 
cal properties of Mars, as wt‘ll as verifying the knowledge* 
of the topocentric position ol the spacivraft itself. 


The magnitude of the solar radiation force for Mariner 9 
IS approximately 4.5 ^ 10 “ km s*. Fwaluating Eq. (31) 
yit'lds 


Au 0.166 * 10 ‘km rev 


or 


ArtxoT.\i. ■" 0.19 km 


This value corresponds very well with the' \alue corn- 
putt *d earlier from the observed period change, indicating 
that the solar radiation force model for the Mariner 9 
spacecraft is quite good. From Eq. (31), it is st'on that 
there is no net change in a if the orbit is always in full sun. 


If a similar averaging procedure is carried out for 
eccentricity (detailed in Ref. 20), the result is 


Ae 


FVl-t- 1 
4 


AV 1 - e^c'os2£ (32) 


B^sin2 


2E “ 2^ sin E ^ ^ 


F trnirafi 
F tniO 


Evaluating Eq. (32) for the period of occupation yields 
AeTijTAi, ~ 0.71 X 10 


The change in radius of periapsis is given by 

= [flAe T eAo] 

Ar, = 0.214 km 


Consequently, the period of solar occupation from revo- 
lutions 2ffl to 402 resulted in an increased mean energy 


A. Data- Processing Method 

Tlu* si'lected subset of ohscr\ ed landmarks was used to 
differentially c'orn'ct the orbit of Mariner 9 in the first 
191 revohitioiiN ol the .satellite phase of tlu* mission. The 
landmark data processor made use of radio-determined 
solution segments as a priori orbits throughout the 176- 
ri'voliition interval. These a priori solution segments yvviv 
selected from Mu* harmonic coefficient solutions reported 
in Section V and the long-arc solutions in Section VI. 
Bt'cause none of the ratlio-dett»rmiiu*tl solution segnu*nts 
contained extrapolated orbits, 0 %vas the only orbital 
elenu'ut for which the various si'gmeiits wt*rt* iiuxmsis- 
tent. Mcnct*, tJ was the only spaa*craft orbital element 
which was corrected from x'isiial observations of the 
planet surface. 


The chosen optical data span was covered by a total of 
16 probe ephemeridt's generated from the long-arc and 
harmonic coefficient fit. Most of the segments were gen- 
eratt*d from tracking of less than 8 revolutions. The only 
exception was the 39-revolution cot*fficient fit made prior 
to the second orl)it trim maneuver. 

The data filter used to proct*ss the landmark data was 
more general than the weighted least-squares algorithm 
used for radio data during the satellite mission. The solu- 
tion list for the landmark proct*ssor includes 

(1) A constant correction to the node in the plane of the 
sky associated with each probe ephemeris segment. 

(2) The right ascension and declination of the Martian 
spin axis referred to Earth mean equator and equi- 
nox of 1950 coordinates. (Secular variatims are 
assumed known.) 
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VtKKTiitiu* KUitndr .iiul loiiuitmlc', ol i\uh Luul- 
n^.irlc, and tlu‘ radius of Mars rofcart'd to the planrt 
cc‘ntor of mass at oac h ot tiu* landmark locations. 

(4^ TV pointing mors nuuU up of 

(a) A set of three constant offsets of the narrow- 
an‘4l(' targ(‘t raster in the platform coordinate' 
systc'in descrihc’d by the increasing cross -cone, 
cone, and twist directions. 

(b) A sc‘t of thrc’c constant offsets of tlu‘ wide-angle 
targc't rastcT with respi'ct to the narrow -angle 
target raster, defin# d in the* platform ccx)rdinate 
system. 

(c) A set of three random variations of the scan 
platform with rcvspect to the celestial coordi- 
nate system described in the yaw\ pitch, and 
roll direction. 

The filter was then recpiired to estimate a s<i of con- 
stant parameters over discrete time segments made up by 
the length of each of the available probe ephemerides 
and, additionally, to model the discontinuity in the tra- 
jectory information by treating it as discrete process noise 
acting on Q between segments. 


1 mt'asurement 
update' of 
co\ ariance) 

i;)5i 

\ \ K(/ .A\ ) update of 

estimate'^ 

( 36 > 

K P (AP A' R) ' ^optimal filter 

gain) 

(37' 

W’henever a new^ trajectory segment is c'ncountered, 

P P DQiy (38) 

and 

M} 0 

In addition to the measurement update equations given 
above, the final .solution consists of the final values of the 
c-onstaut parametiTs x and solutions y at each observation 
time, as well as the node corrt'ction for each probe ephem- 
cris segment. The post-fit data residuals art* computed on 
a picture-to-picture basis with these final values. 

B. A Priori Parameter Values 


The measurement equation can be given, as in Eq. (11), 
by 


z Ax ^ By r n 


The spacecraft node for the various trajectory' seg- 
ments has discontinuities on the order of 0.05 deg. Thus, 
the a priori l-<r value was based on this state-of-the-art 
uncertainty. 



where the vector y here consists of random but lime- 
correlated variables of the solution vector and is modeled 
by 

y(t + A#) - p [St)y{t) VT p-'q (33) 

p(A<) =exp(--^) (34) 

where q is normally distributed, uncorrelattxl random 
variable. In the limit that r-^0, y represents random un- 
correlatt^d variables. If r-^ oo, y is a set of constants. 

The solution vector contains both x and the corre- 
lated ooeflSdents, y. Defining estimates and covariances 
in usual filter theory notation, the filter equations are 
stated as follows: 


Although preliminary values of the right ascension and 
lination of the spin a.xis of Mars were determined from 
approach and satellite data and the values obtained were 
within an 0.05-deg spread, the a priori value for the spin 
axis direction uncertainty was left wide open at 10 deg. 

The areographic latitudes and longitudes of observed 
landmarks were relatively unknown; therefore, their 
a priori values were set at 10 deg (1 a), approximately 
equivalent to a surface location uncertainty of 600 km. 
The polar longitude uncertainties were set at 60 deg to 
Impart the same order of surface location uncertainty. 
The radii from the center of Mars to the various observed 
landmarks were assumed to be known to an accuracy of 
lOkm(le). 

The TV pointing uncertainties were described by (1) a 
st*t of constant oflTsets of the narrow-angle TV comera 
optic axis with respect to an inertial reference and of a 
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iiMunitnilr of (M)> dou il <d, \2) a s(‘t o constant 

offsets (l(scnl>in!^ the an^le between the whle-ain^le ainl 
nanow aimlr W (Minna optie axes s< • at 0 Oo (le<r < ] ,t 1 
and a sH of random \aiiatuns in thr spacreraft \aw. 
pitch, and roll axes which would eorreet tlu‘ Irh'nu’tci ‘d 
iiMilonts of th(‘ sun senior and (’ano|Mis staisor, r(sj>ee- 
ti\el\ riuM/ })rion \ allies vo'ia set .it O.Od dei^ (1 ir), Ih im^ 
I’ompaiable to the (pianti/ation stej) in the star sensoi 
le idont 

Th<» data \vc*re \veight(*d indi pt'ndeiitly for eac h of the 
various landmarks sij^hted. Oru**sigma measurement nn- 
eertaiiitii'S arc* listed in Table 17. 

C. Corrections to the Mariner 9 Orbit 

Figure* 40 shows a plot of tlu* variation in 11 c*orre*spond- 
ing to c'ach of the* proln* ephemeride'S, referre*d to a me^an 
and continuous e*volution of the* noeh*, as in Fig. 32. Tlu* 
figure contains both pre*-trim 2 and post-trim 2 regions of 
data. Doppler-only orbit .solution diflFerences are* .shown 
by a dashed line, while solutions base*d on the* inclusion 
of landmark data are depicted by solid line*s. The spread 
of values is contained in the :i:0.05-de*g band, which was 
chosen as the l-<r a priori knowle*dge uncertainty. As de- 
.scribed earlier, the covariance was corrupted at the start 
of each trajectorv’ segment, and a new solution for Q was 
sought. These solutions were addexi as corrections (solid 
lines) to the valuers plotted with dashed lines in the figure. 
The a posteriori variations in the node solutions for each 
of the probe ephemeris segment are listed in Table 18. 

The landmark solutions show slight improvement in 
the consistency of the determined values of Q within the 
a priori orbit segments. The rms Q deviation is reduced 
from 0.022 to 0.018 deg before trim 2, and from 0.03 to 
0.022 deg after trim 2. More important than the improve- 
ment in Q discrepancies is the consistency between the 
doppler-only and landmark solutions, which differ by 
0.017 deg before trim 2 and by only 0.003 deg after trim 2. 
Thus, visual ob.se*rvations appear to verify the doppler- 
determined orbits. 

D. Estimated Landmark Locations in Areographic 
Coordinates 

The observed landmarks are shown in Fig. 15, and esti- 
mates of latitude, longitude, and radii for each are listed 
in Table 19. TV line and pixel residuals corresponding to 
each of the landmarks in Pavonis Lacus, Nodus Cordit, 
Nix Olympica, and the south polar cap are shown in 
Fig. 41, and the temporal distribution of all data residuals 
is prc*sentixl in Fig. 42. The 1-<f values of these residuals, 
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whrii rccliiccd to (’(|uivalcnt w idr-.mglr rrsidnals, ar(' 
W(*II bounded !>y tlu* a prion \-a valm*. The only exi t p- 
tiofK IP* obverx .itions affected f)\ the Mill st iisoi regula- 
tion diffieiilties, whieh aie diseiis.sed in Seetion 111 These 
data wen* d(‘l<‘t(*d from tli<* data fit 

The results indicati* that the landmark c()ordinat(*s are 
obt. lined to an .leeiiratA of 0.03 deg. e(pii\.deiit to 1 S kin 
( 1 <f} at the surface. 11i(*s<* values cnmipan* faxoraMy with 
th(* wid(’ angle camera resolution limit of 2 km .it a .slant 
range of about 3500 km. 

10 obtain lorrelation b(*t\\een .solutions resulting from 
landmark data and those from occnltation, planetary 
radar ranging, ultraviolet .spectroniet(*r (TXS) prcs.surc, 
and infrared radionu'try data, it is neeessar>' to construct 
the absolutt* radii of Mars in the vicinity of the obserx'ed 
landmarks. Both planetary radar ranging data and UVS 
pressure data yield information on relative heights of 
topographic f(*atures, wh(’ri*as occnltation data yield tlu* 
absolutt* radius both at signal extinction and n aequisi- 
tion. Infrared radiometrx* provides indirect inference of 
slope’s of topographic f(»atur(*s from measured tempera- 
ture profiles, which may be* integrated to obtain relative 
height information. 

Figure 43 (derived from longitudinal profiles like those 
in Ref. 21) shows a radar-ba.sed elevation map of Mars, 
and Fig. 44 (from Ref. 22) presents the UVS pressure map 
calibratt'd to show relative heights. Both figures havt* 
ocvultation positions plotted in an*ographic coordinates 
(Ref. 23). By matching occultation values of the radii of 
Mars at each of these positions with the nearest interpo- 
lated contour value, it is possible* to calibrate the contour 
maps to sho\x absolute information on heights instead 
of relative height information. This procedure yields 

3393.4 km as the 7<*ro contour value in the UVS map and 

3397.5 km in the radar map. Since l)oth figures are drawn 
on a large scale in comparison to the landmarks used in 
this analysis, the c*ontoiir values are as.sumed to reflect 
base radii in the vicinity of Nix Olympica, Pavonis Laeus, 
and Nodus Cordii. The base radii are 3401.0, 3403.0, and 
3402.0 km, respectively, from the UVS map and 3402.5, 
3403.5, and 3403.5 km, respc*c*tively, from the radar map. 
The relative height from base to summit is available from 
a detailed UVS profile of Pavonis Lacus and from an IRR 
profile of Nodus Cordii (Ref, 24). These altitudes are 
shown in Figs. 45 and 46, respectively. Direct comparison 
of values for the main caldera (identified as 2 in Fig. 45) 
in Pavonis Lacus shows that the estimated radius is within 
0.7 km of the combined UVS occultation value, and within 
1.2 km of the combined radar occultation value. Similar 
comparisons for Nodus Cordii show the estimated radius 
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to hv within 2.5 km of th(' combined UVS occultation 
infrared radiometer (IRR) valiu;, and within 3.5 km of .he 
combined radar occultation IRR value. Th(* formal l-<r 
im(‘(*rtainties are given in Table 19. Ficure 15a shows a 
map of the south polar region bounded by the 65' lati- 
tude band. As shown, the exit occultation position labch'd 
414x is the closest point to the south polar landmarks. 
Comparisons of radius valu(‘s to that of 3383.9 km show 
that the estimate at LM66 is within 0.5 km and at LM661 
within 1.2 km. The associated formal uncertainty of 2.0 km 
(1 cr) appears quite representative. No comparisons are 
available for Nix Olympica. 


The landmark elevations obtained from Mariner 9 
visual observations agree with values from other data 
sources to within 2 km. It must be pointed out that tht' 
accuracy limits of the various data types were not con- 
sidered when making the comparisons, and that the 
values were obtained by combining the occultation radii 
with relative height information from radar, UVS, and 
IRR wher<*ver available. Although no comparative values 
exist for Nix Olympica, landmark data for this region indi- 
cate an absolute radius of 3419.2 it 2.6 km at the summit 
caldera, which is equivalent to a relative height of 18.2 km 
to the summit from the base. 


Various pointing offsets were determined simultane- 
ously with the landmark and spacecraft positions. How- 
ever, no comparisons are available in the absence of 
simultaneous stellar imaging. The corrections are limited 
by the a priori uncertainty of 0.03 deg for the narrow- 
angle offsets and 0.05 deg for the mutual oSsets between 
the wide-angle and narrow-angle cameras. These cor- 
rections would bt* applicable after ground and inflight 
calibration. 

E. Mars Spin-Axis Direction Solutions 

New values for the direction angles of the Martian spin 
axis were determined from the landmark data. The new 
values of the 1950 right ascension and declination relative 
to the Earth mean equator of 1950 are 

a = (3173 ±0.15dcg) - 0.101 T 
8 = (52.7 ±0.15 deg) - 0.057T 

where the new angle rates have been derived using the 
Mariner 9 value of the Martian /i. 


1. Comparison with pre-Mariner 9 values. As stated in 
Section III, the adopted values of the pre-Mariner 9 
Martian spin-axis direction we re derived from an average 
of th(‘ Laplacian pob's of Deirnos and Phobos, determined 
by Burton (Ref. 13), and a spin-axis direction derived by 
Camichel (Ref. 14). 


It is known that the' dynamical oblate'ne ss e’ffe'ct of Mars 
on its satellite orbits causes a prt'cession of the orbits 
about the maximum axis of inertia of the planet. It can 
be shown that, in the presence of significant solar pertur- 
bation of the orbit in addition to the dynamical oblateness 
effect, the processional axis (Laplacian pole*) is moved 
towards the celestial pole (defined by the normal to the 
ecliptic) along the great circle connecting the spin axis 
to the crlestial pole (Ref. 11). It can further be shown that 
the magnitude of such a separation, dt'poted /, is cal- 
culable from 


tan 2/ ~ 


(C,/C\.)sin2y 
1 I (Ct Cj) cos 2y 


(39) 


where C, and Cj are constants associated with the solar 
perturbation and the dynamical oblatencss effect, respec- 
tively, and y is the inclination of the equator of Mars to 
its ecliptic. It can be shown that the ratio Ci/Cj is pro- 
portional to the fifth power of the semimajor axis of the 
satellite orbit. Thus, the solar perturbation effect is more 
pronounced on the orbit of Deirnos than on the orbit of 
Phobos. In fact, the calculated separation between the 
Laplacian pclv of Deirnos’ orbit and the planet spin axis 
is 0.89 deg, and 0.0093 deg for Phobos orbit. 


It appears that an offset was introduced in the pre- 
Mariner 9 spin-axis direction angle values by not account- 
ing for the fact that the Laplacian pole of Deirnos is 
separated from the .Martian spin axis by 0.89 deg as a 
result of the significant solar perturbation on the orbit 
of Deirnos. 


Figure 47 shows the spin axis of Mars (in the -plane) 
referred to the respective Laplacian poles of Phobos and 
Deimos. The larger of the two circles in the diagram 
represents the retrograde path of the instantaneous angu- 
lar mcaitvntum \ector Deirnos' orbiL with an inclinatioo 
of 1.8 deg to its Laplacian pole» completiDg one period 
ap^iroximately every 54.36 years. The smaller circle shows 
sitm W details for the orbit of Phobos, which has an incli- 
nation of 0.9 deg and a period of 236 years. 
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It ma\ hi' ohstTvi'd that tho >pin axis lorrt’spoiuling to 
tlu‘ LapLu ian {)olr of I)»*inios. whost' inclination is inca- 
snrahlc to gri'atcr pn'cision from Karth-hasi'd telescopic 
ohscrcations tlun tlie inner satellite (Fhohos^ inclination. 
t'oncl.ilcN \ei\ well with the pt)le solutions ohtaineil fiom 
M.iriiUT 9 hnulmark data One would hopt' to st‘t' tin* 
Laplacian pole of Fhohos coincide with tlie spin-axis solu- 
tions. Compared to tlie Deimos location, limvcwer. the 
l^iiplaci.in pole of Phohos, as dt'termined hy Wilkins, 
appe.irs offs('t hy 0.-43 deg in a direction normal to the 
great circle containing the celestial poh‘ and the spin 
axis of the planet. If the' reasoning thus far re'Ht'cts the' 
truth of the' situation, one may e'xpe'ct to see a correction 
to tiu' orhit of Phohos from Mariner 9 data. Tliis confirma- 
tiein has hetii tihtained from detailed analysis of all 
Phohos picture ilata transmitted The coiu lusion is im- 
plicit in the discussion pre'sented in Hef 23 

The work t)f Sinchiir (Hef 26) pro\i<h’s a similar con- 
firmation since' th(' orhits of Phohos a'ul De'imos ar»‘ 
n ferenci d t(' a spin axis orientation which agrc't's chiseU 
with that ih'tcrmiiu'd from imaging data given e'arlier in 
this se'ction 

2. Determination of the spin-axis direction from other 
Mariner 9 data. The direction angh*s of the Niurtian spin 
axis have been determined from several types of data 
from Mariner 9. Two values of the diri'ction of the spin 
axis have been determined from analysis of the doppler 
data. Data from o^^bital revolutions 4 through 10 were 
rt^duced with the p irameters for a sixth-degriH' harmonic 
mr^^el, and data from revolutions 5 through 42 were re- 
duced with the harmonic model increased to the eighth 
degrt'e. These fits were reported in Section V' as harmonic 
coefficient fit numbers 3 and 21, respectively. Two optical 
soliitioas were generated from approach data. The first 
solution was obtained by viewing Deimos against the 
fixed star background during plam^ary approach and 
relating the estimated inclination of the orbit of Deimos 
relative to the Earth equator to the Deimos LAplacian 
pole and, hence, to the spin axis. The second spin-axis 
direction angle values were obtained by viewing surface 
features in the <outh polar cap region during planetary 
approach. 

The various new solutions for the Mars spin-axis direc- 
tion are shown in Fig. 48 as they lie on the Martian celes- 
tial sphere. All of the recently dHermined spin-axis values, 
with the exception of the approach landmark value, agree 
to within 0.06 deg in right ascension and 0.15 deg in dedi- 
nation. All of the new values differ by approximatdy 0.5 
deg from pre-Mariner 9 (1904) values. 
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IX. Determination of Normal Points for the 
Relativity Experiment 

A. Definition of Normal Points 

TIu' rcl.iti\ ity cxpormu'iit is hasril on M.iniuT 9 fru k 
ing (lata ac(piirt'd by tht' DSN and provt*ssi-d In thr 
Satrllitt' OD (-roup. Tlir ilata vonsisl tif dopph r mc'a- 
suronu'iits proportional to tho tracking station-spacecraft 
range rate', and round-trip tim<'-dcLi\ imMsurt nu'nts pro- 
portional to the station-spa('ccraft range. Idtally, the 
total combined data set of rang<' and range rate mt asiire' 
mi nts could bi' processed simultaneously to estimate the 
relativity parameters alfei ting both the radio signal and 
the motion of the spacecraft and phmets However, since 
Mars is gravitationally ve ry rough, w ith second-order tes- 
seral harmonies four to five times larger than expected 
hefoi" Hight, it is dilfienlt to eonstrnet a gravity model 
with a finite number of parameters which is ac irate 
enough to integrate the probe motion over hiindrixls of 
revolutions. The computer expense of such regression 
analyses is also a limiting factor. Hence, a data compres- 
sion schemt' has hvvn employed to alleviate tlu' accuracy 
and cost iliificultii's of a direct estimation approach. Thi' 
compression scheme consists of first using the doppler 
data to solve for the spacecraft orbit and to relate the 
spaeveraft position to the c* ' er of mass of Mars, and then 
combining this nwiilt wit! 'le station-spacecraft range 
measurements to obtain measurements of the Earth-Mars 
distance*, '^^u'se Earth-Mars pseudorange measurements, 
called normal data points, c'ontain virtually all of the 
information in the individual time-delay measurements 
and "he loi'al doppler data w hich is pi'rtimmt to a detailed 
Vnowltxlge of the Earth-Nfars motion. The Earth-Mars 
angular information content of the doppler is weak be- 
cause of unctTtaintu*$ in the locations of the tracking sta 
tions on the Earth, and it has not been exploited. 

B. Computation of tha Normal Points 

The station-spaci*craft coordinate range p (see Fig. 6) 
is rebted to the Earth-Mars coordinate vector R by the 
exact expression 

^ = |R4 R,,.- -R,| (40) 

where the vector R, *. is the pUnct-centeied coordinate 
vector of the spi»ceeraft. which is determined from 
doppler tracking. The quantity R« b the accurately 
kno^ Earth-centered coordinate vector of the station. 
Equation (40) can be written in the {(blowing approxi- 
mate form, accurate to 0.1 m, for the Mariner 9 geometry: 
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\\iuT(‘ r, and IJ arr didiiird .is in Sri tion !I .uul 
natrd Ikti' as i \ Imdric a! roordin.itrs of tlu‘ position of 
tlu* spaiaa raft rrlativ t* to Mars at the timi' of rangr obsrr- 
\ation ('oniponrnts of thr station in tlu* Karth-conti'rod 
rartrsi.m ( f'ordmati* svstt in drhnrd i;i Fi^. 6 art* h^. /j,„ 
and h K(iaation ( U ' t an In* soK t*d dirrctly for tlu* Earth- 
Mars distanoo R from a nu'a.snrt'd \ aim* of tlu* slation- 
spat'i’craft ooordinatt* tinu* d('la>. iisinij tlu* t‘Xprt*ssion 

r., • r, ‘ p 

<■ \t p 1 1 h/i In - [ \'l 

r • r f> 


wlu'rt* r,, and r, art* toordin.itt* distancos n*prt*M*nting thi* 
Sun^bst*rvt*r dist.uut* and tht* Snn-spact'craft distanco, 
rt*spt*ctiv(*ly. to convert to range />. 

In practice, an initial value of R is chosen f om tht* 
currently employed planetary ephenu ris, and the differ- 
ence VH*twi*en tlu* ohserveil and predicted values of p is 
then related to a tlifferential ct)rrection in R. The correc- 
tion is then addt*d to tht* initial value, yielding a pseudo- 
measured value of R at tlu* time t)f the spact*craft ranging. 
Equation (-12) is then used again to etmvert R into a 
relativist ically consistt*nt pst*udo-t)bservable in terms of 
coordinutt* time* cAf. It should be noted that y is set nomi- 
nally to unity in this c*omputation, but that th** charged 
particle delays are includi*d in the value of c^t. 

C. Noifnal Point Accuracy 

The error in the determinetl value of fl can be related 
to the error in the range measurement Sp. the error in 
the station locations (A/i,, Ah,), and the error in the 

doppler-dit»Ymined spacecraft position relative to Mars 
(As'.Ar, rAO) by the following approximate expression, 
which is accurate to 0.1 m: 

aR = Ae ^ Ah, - Az^ - {(f - h, cos n - h^ sin 0) Af 

4- (h^sinO - hvCosO)rAQ) (44) 

Since the distance of the station from the Earths spin 
axis and the station longitude are known to within an 
uncertainty of 10 m from analysis of data acquired during 


pl.uu'tarv ciu ountciN on jiast M.iriiu r imsMons, tlu' < rmr 
in tlu' (hsLuut* ol th'* station tioin tlu* l'’arth*s c(piator is 
tlu* onlv tt'rni which co.it: ihutcs more than 10 in to a/i 
I h iuv, Uh i .in he c\pi(*ssi*(l as a// sin (S plus terms w huh 
contribute less than lO-m errois 

riu* remaining <*rrors in K(j ( IF ,in* tine to the unc<*r- 
t.imty ill the cioppler ilet* iiniiu'd sp.ueer.ift position rcla- 
li\e to M.irs, nu* (’oefFicients of tlu* «*rrors of tlu* space- 
craft position in tie* Earth’s pl.iiu* of sk> , Ar ,ind rAlF .ire 
of the ord<*r of 10 Thus. Kq ^11 ean he n'diieed to 
Ou* form 

A/i A^> * AhsinS Az' (10*)_ir ^ 10 * rAl) 

• 10-in terms ^ 15^ 

riu* pre llight predicted .lei uraeies ot : , r, .mil U an 
givt*n m Section II, aiul tlu* eonsis^*ncy of solutions for 
these tnuirdinates is shown in Si'ction I\'. The effect of 
errors in r, and 0 on the errors of the computi'd normal 
points is discussed in Ref. 26. A summary of this informa- 
tion is given in Tables 20 and 21. Thi* l-ir uncertainties of 
the conqKiaents of position, r, rlF and z', along with their 
respective contrihutio'js to the mor in the nonnal data 
point R, an* listed. 

IVe-Highl \alm*s, ai tual pre-gravit\ -sensing results from 
revolutions I through 4, and post-gravity-sensing results 
from both the three-station uui singh*-station tracking 
configurations are shown in the tables, along witli the 
ma.ximum uncertainties caused by tlu* stochastic solar 
c*orona near superior conjunction. Contributions from 
rAl) and Ar are :*een to he negligible throughout the mis- 
sion. leaving the contributions from Az^ the only space- 
craft position error of imixjrtance. Equation (45^ can then 
he further rediict*tl in the form 

Afi - Ap f A/isind -- Iz* 4 (<10-m terms) (46) 

w*here neither the contributions from the measurement 
error A^ nor from the spacecraft position error Ax' are 
highly correlated in time. The station location error Ah 
is a constant. 

D. Normal Point RtsMuait 

The local orbit of Mariner 9 and the values of r, and 
z* have been estimated from the doppW data for virtually 
every revolutkm in which range ^iieasureinents have been 
acx}uired. These orbit estimates have been used to predict 
values of p. Observed residuab in the obsen ed e have 
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be^n related to values of R and, hence, c^t at the times of 
the range measurements. 

Residuals of the normal points over the 11 months of 
the mission are given in Fig. 49, where the elements of the 
orbits of both the Earth and Mars have been with the 
normal points obtained prior to July 31 to yield planetary 
ephemeris DE-82 (Section III). The dashed line indicates 
the apparent drift in the DE-82 extrapolated ephemeris. 
The sampled rms of the normal points is 0.1 s in the three- 
configuraticrA rcgicr* and C 3 s ikt the One-yUhun 
region before July 31. 


The effects of the charged particles due to the solar 
corona were observed in the 8 weeks bracketing superior 
conjunction. The apparent two-way time delay increased 
to a value near 20 /u,s. In addition, daily variations of sev- 
eral niicroscccnds can be observed which appear to be 
almost as large as the steady-state delay itself. The insert 
in the figure illustrates, on a larger scale, the normal point 
rt'siduals before and after DRVID corrections for the time 
period from August 23 to August 25 (Section III). Drifts 
in the residuals of almost 2 s are seen on August 24 and 26 
if DRVID corrections are not applied, but the total re- 
:>iuual spread of a single pass L hjiiiled lo C.5 /w.s by the 
application of DRVID corrections. 
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Table 1. Approximate areocentric oroitai elements of Mariner 9 


Orbital elements 

Initial parameters, 
Nov. 14 to 16 

Post- trim 1, Nov. 10 
to Dec. 31 

Post- trim 2. Dec. 31 

Semimajor axis a, km 

i;30.5.5. 

12631. 

12647, 

Eccentricity e 

0.63 

0.62 

0.60 

Mean orbital period F, h 

12 62 

11,97 

1 1 99 

Longitude of ascending node*^ U, deg 

12 3 

12.1 

34 2 

Argument of periapsis w, deg 

24 Si 

24 3 

26 0 

Inclination i, deg 

64 6 

64 8 

64 4 

Height above surface at periapsis^ hp, km 

1396 

1387. 

1641. 

Latitude of sub-periapsis passage tpp, deg 

22 3 

21 9 

23 3 

‘‘Keplerian elements referenced to Mars true equator of date. 
'•Mean radius of Mars used in computing hp = 3394 km. 


Table 2. Satellite OD Group staffing levels 


Task descriptions 

Staffing level, 
men 

Satellite OD Group coordination activities 
Diiecbon and coordination of Group 
activities, assessment of solution accuracies, 
certification of probe ephemeris tapes, 
interface with Navigation Team Chief and 

1 

science users. 


Data handling 

Reformatting of doppler and ranging data 
for navigation team use, editing and 
compressing of data, storage of data on 
FASTRAN files. 

1 

Orbit estimation 

Data fitting for both smooth and predicted 
trajectories, trajectory generation, gravity 
and Mars spin-axis direction sensing and 
assessment, generation and maintenance of 
FASTRAN files of astrodynamic constants, 
gravity models, nongravitational forces, 
Tracking System analytic calibration 
(TSAC) data, etc. 

5 

Normal point generation 

1 


Table 3. Error source starKlard deviations for 
encounter OD results 


Error source 

Standard deviation 

Range-rate data noise 

3 mm/s 

Mass constant of Mars 

0.1 km*/s* 

Mars ephemeris errors (Brower, set III) 

10-7 

Nongravitation acceleration (constant) 

10-1* km/s* per axis 

Tracking station longitude 

5 m 

Tracking station radius 

3 m 


Table 4. Standard deviations for Mars harmonics 
based on dimensional analysis 


Zonal 

harmonic 

1-(T uncertaint>' 

Tesseral 

harmonic 

1-(T uncertainty 

C20 

0.22 X 10-'‘ 

C21, S21 

0.233 X 10-* 



C22, S22 

0.111 X 10-4 

C.'io 

0.202 X 10-4 

C:u, S.ii 

0.828 X 10-5 



C32, S32 

0.250 X 10-5 



Cxu Ss.i 

0.107 X 10-s 

Cio 

0.130 X 10 * 

C41, S41 

0.410 X 10-5 



C42, S42 

0.960 X 10-6 



C4.3, S43 

0.258 X 10-6 



C44, S44 

0.910 X 10-7 


l»ie 5. Comparison of unmodeled acceleration 
magnitudes at periapsis 


Type of acceleration and total 
magnitude, km/s^ 


Maximum expected 
unmodeled 

acceleration (periapsis) 
due to each source, 
km/s2 


Mars gravity 


Central mass forcd (2 X 10-*) 

5 X 10-» 

Noncentral gravity forces 

2 X 10-7 

(2 X 10-5) 


Environmental 


Solar radiation 

3 X 10-12 

Drag 

2 X 10-1® 

Spacecraft 


Propulsion 

5 X 10-1* 

Attitude control 

1 X 10-1* 
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Table 6. Local position and extrapolated period error caused by low-order gravity coefficient errors 


Kstimation list, data arc 

State, one revolution 

State, second-degree 
harmonics, two 
revolutions 

State, second-degree and 
third-degree hannomes, 
two revolutions 

1-(T total position error at pcnapsis, km 

6.0 

6 0 

3 0 

Pertiiriiations caused by 




Second-degree gravity coefficients, km 

5.0 



Third-degree gravity* coefficients, kni 

3.3 

5.4 


Fourth- degree gra\'it>* coefficients, km 

1.2 

0.6 

3 0 

l-CT period error in first mapped revolution, s 

1.1 

0.11 

0.04 

Pcrturl)ations caused by 




Second-degree gra\ ity coefficients, s 

0.94 



Third-degree gravit>* coefficients, s 

0.12 

0.08 


Fourth-degree gravity coefficients, s 

0.05 

0.03 

0.04 


Table 8. Approximate station location vaiues for MM71 
satellite mission 


Parameters Station location values 


Table 7. Pre-flight required and predicted OD accuracy summary 
(pre-gravity sensing/ post-sensing) 



MM71 

Pre-flight 


requirement 

results 

Local position Lncertainty, km 

10 

10/5 

Mapped time of periapsis 
uncertainty, s (revolutions) 

2(14) 

106(14)/2{14) 

Mapped position uncertainty, 
km (revolutions) 

10 (14) 

400(14)/7(14) 


Spin-axis radius, kni 
DSS 12 
DSS 14 
DSS 41 
DSS 62 

Longitude deg 
DSS 12 
DSS 14 
DSS 41 
DSS 62 

Distance from equator, km 
DSS !2 
DSS 14 
DSS 41 
DSS 62 


5212.05 

5203.99 

5450.20 

4860.82 


243.1945 

243.1105 

136.8875 

355.6322 


3665.63 

3677.05 

-3302.24 

4116.91 


Table 9. Values of the AU and QM used with Earth-Mariner 
planetary ephemeris 


Ephemeris 

AU, km 

CM, kmVs* 

DE-79 

149597894.00 

132712502083.05 

DE-80 

149597894.38 

132712503061.83 

DE-82 

149597891.01 

132712494095.18 
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Table 10. SATOOP first orbit convergence history 


Data arc, h 

Data points 

nss 

Interval, d, h, m. s 

State, km 

Computed a, 
km 

Consider a, 
km 

2 

156 

14 

14, 1,48, 32— 14, 2,24,32 

839.0 

39.7 

39.7 



12 

14, 2, 39, 32 - 14, 4, 29, 32 

-2410.0 

125.6 

125.7 





-4055.2 

66.7 

66.8 

4 

238 

14 

14,1,48, 32-. 14,2, 24,32 

831.4 

23.4 

23.5 



12 

14,2,39,32-. 14, 5,58, 32 

-2434.7 

78.4 

78.9 





-4042.2 

40.3 

40.7 

8 

447 

14 

14, 1,48,32-. 14, 2,24,32 

823.7 

1.11 

2.36 



12 

14, 2, 39,32-. 14, 6, 55,32 

-2459.3 

3.08 

7.13 



41 

14, 7, 25, 32 -. 14, 9, 58, 32 

- 4028.8 

1.99 

6.35 

10.5 

564 

14 

14, 1,48,32- 14.2,24,32 

82’7.7 

0.58 

1.84 



12 

14,2,39, 32-^ 14, 6, 55, 32 

-2445.5 

1.89 

6.4 



41 

14,7.25.32-^ 14, 12, 15,32 

-4036.2 

1.01 

3.3 


Table 11. Mariner 9 harmonic solutions 


Model 

number 

Orbital fits 

Description of 
harmonics, 
resonance order 

Date available 

1 

p-p. 

4th 

11/16/71 

2 

P.-P, 

6th 

11/17/71 

3» 

P -P 

6th 

11/24/71 

4 

P -P 

‘ 1.'. * l!t 

6th 

11/24/71 

5 

P -P 

6th 

11/29/71 

6 

P --P 

‘ 27 * .n 

6th 

11/30/71 

7 

p -P 

'31 ' 17 

6th 

12/06/71 

8 

P^,-P,. 

6th 

12/10/71 

9 

P>,~P.r. 

6th 

12/28/71 

10 

P -P 

*4.3 '51 

6th 

1/19/72 

11 

P -P 

6th 

1/20/72 

12 

P -P 

' .52 ‘ <.4 

6th 

1/23/72 

13 

P -P 

' lOK ' 112 

6th 

1/26/72 

14 

^*;4“^7m 

6th 

2/01/72 

15 

^^72-^7. 

6th 

2/04/72 

16 

P -P 

‘ 114 ' 120 

6th 

2/05/72 

17 

P -P 

' 122 ' 12H 

6th 

2/09/72 

18 

P -P 

'80 '80 

6th 

2/11/72 

19 

P -P 

‘88 '94 

6th 

2/16/72 

20 

P -P 

' 130 ' 130 

6th 

2/16/72 

21».b 

^-^42 

8th 

12/19/71 

22 

^S2~^H2 

10th 

3/14/72 

23b 

^52'“^no 

10th 

3/28/72 

■Solution li.st includes Mors spin-axis direction angles. 
bDetermined over one resonance cycle. 
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0.4S138015 X 10 « 


0,74077120 

0.90596139 


10 


0.12146101 X 10 * 


0.10605017 X 10 * 
-0.75161187 X 10 ■■ 


OuliM 

2 3 1 

0.5486,5648 x 10 ' 

0.31342373 ,x 10 

-0.54675236 x 10 0.48830455 X 10 •• 

0.26696797 x 10 0.37141632 X 10 

0.11379641 X 10 0.51197116X10'' -0.14152993 X 10 • 

0.15689429 x 10 ' 0.81116201 x 10 • -0.276848,56 X 10-« 

-0.24889816 X 10 0 22608158 X 10 " -0.56199295 X 10 ■ 

0.59125099 X 10 '• 0.63012291 x 10 ' -0.20601205 X 10 ■ 

0.58842912 X 10 “ 0.14304231 X 10 0.53615922 X lO'* 

0.14282701 X 10 •' 0.14674199 X 10 •' 0.24952049 X 10 • 

0.22617700 X 10 ' 0.255.5.5787 X lO-^ 0 3267a5.34 X 10 ' 

0.25320829 X 10 ' 0.25738444 X 10 “ 0 14322185 X 10-' 

0.24985728 x 10 0.17253395 X 10 * 0.26615292 X 10 ' 

0.33,521262 x 10 * 0.97131307 x 10 ' 0.47830983 X 10 • 

0,600;15209 X 10 ■ 0.19482533 x 10 « 0.111620,30 X 10 " 

0.18427201 X 10 ' 0.59156130 X 10-" 0.21146237 x 10 • 

-0.39758291 x 10 * 0.32582780 X 10 • - 0.71218216 X 10-* 

0.7366.5S14 X 10 " 0..37.5910.59 X 10- 0.55791204 X 10-“> 
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Onl«T 

5 6 7 


- 0.710926-12 X 10 " 

0.47087929 x 10 " 

0.12473048 X 10 " 0.86275381 X 10 » 

- 0.30622927 X 10-" -0.34340824 X 10-" 

0.13389670 X 10-" -0.30652077 X 10 » -0.41013469 X 10 

-0.42902814 x 10 » -0.43898135 x 10 " 0.39439971 x 10 ■" 

-0.38899155 X 10 " -0.28403351 X 10 » 0.43473828 x 10 " 

0.14389265 X 10 " -0.18637042 x 10 " 0.43212145 X 10 >» 

0.27636240 x 10 " -0.13687388 X 10 » -0.10366049 x 10 >■ 

0.48277638 X 10^» -0.20504467 X 10 » 0.19875240 x 10 '» 

-0.94128357 X 10-» -0.80089751 X 10 *" 0.33561106 X 10 >■ 

0.31033661 X 10-» -0.11098738 X 10-» 0.55400811 X 10-" 
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0.12291580 X 10 •• 

0.54698644 x 10 '• 

0.37252880 X 10 >> 0.12034184 X 10-'» 

0.11827967 X 10 ■' 0.43508199 x 10-'- 

0.11016686 X 10" 0 95379180 X 10-'" 0.16796570 X 10-’« 

-0.23991272 X 10 *= 0.13343572 X 10-” 0.62183627 X 10*>« 
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Table 13. Short-arc solution sunimary 


Orbits fit 

Ilannomc'' 

model 

luiinluM' 

from 
mean, km 

Ml Irom 
mean, dejj 

NuilliuT of 
re\ oliitions 
for w hu h 
A7',. \\ as 
within 2 s 

Orbits fit 

Hamiomc' 

modi’l 

imniber 

r,.Al? from 
mt'an. kiii 

AI2 trom 
mean, di'j^ 

\nml)er ol 
re\ nlntions 
fni \\ hu b 

A'P; N' as 

witbin 2 s 


0 

0.8() 

0 013 

12 

P ,. -P 



0.01 

0.01 1 

13 

r -I\ 



1.38 

0.018 

10 

rf' ' 



7/>3 

0 1 12 

9 


0 

- 1.29 

0.060 

6 

P -P ’ 



11.17 

0.207 

12 



3.50 

0.0 15 

3 

r ,-r ^ 



1.12 

0 015 

33 

. 

,1 

3.20 

0.042 

4 




1.95 

().09(> 

21 

r ~r . 

5 

4.45 

0.057 

7 

/’.I-/’ . 



1 87 

0.038 

38 ♦ ” 



1.35 

0018 

6 

r, -p . 



3.38 

C.t/67 

40 ^ ’ 



i 

3.19 

0.039 

2 


1 


6.76 

0.136 

24 

.. 

5 

7.02 

- 0.086 

6 


21 

8.56 

0.175 

10 

i\~i\ 


1.15 

0.014 

9 

-a'; 

22 

3.46 

0.053 

23 

~r. 

5 

2.25 

0.027 

8 

u -A , 



3.09 

0.128 

15 




0 42 

0.(H)5 

10 

A ;~A 



IV26 

0,046 

21 



1 

1.52 

0.083 

5 + ■> 

A n-A , 



.3 40 

0.051 

n 

r -p 

* ‘t 1 * u , 

5 

- 2.42 

0.029 

i 

A -A 



12.19 

0.281 

11 


5 

- 1.93 

0.013 





- 3.21 

0.081 

31 

'■ -r.„: 


( 

1.50 

0.023 

13 

V ,,-A 



2.02 

0 036 

15 

r -p 

21 

- 7.28 

0.079 

25 




24..36 

- 0.558 

9 


21 

7.7 1 

O.IHH 

37 ff' 

(11.“'^ .iKt 



0.744 

-0.055 

21 


9 

4.48 

0.057 

9 




22.88 

0.,315 

8 

r, . -r, 


5 

5.72 

0.072 

8 




6.44 

0 078 

13 

p -p 

fi 

6 23 

-0.070 

8 



1 

0.49 

-0.016 

21 

r -p 

w. 'll*. 

21 

-5.21 

- 0,059 

32 -fh 




-4.03 

0.084 

32 

p -P 

' 1 *t. ' ! 



3.56 

-0,039 

13 




7.94 

0.089 

17 

P -P 

‘ i'*j ' i*. . 



-6.89 

-0.080 

30 

A —A 

Nis ‘’n*i 



0.87 

-0.009 

21 

P -P 



- 16.82 

“0.205 

12 




1.05 

-0.008 

42 




-3.53 

- 0.036 

26 




6.97 

0.070 

28 




2.67 

0.045 

30 




1.39 

-0.035 

32 

P -P 

‘ m ' n'. 



3.29 

0.014 

23 

•\ -4 

e»4 . 



-6.27 

-0.093 

46 + 

P .-P 

* is: ' ixx 



-1.63 

0.013 

14 




-7.44 

-0.108 

19 

P -P 



6.90 

0.105 

14 




-5.80 

-0.088 

42 + 

P -P 

' HIT ' Ills 



3.19 

0.053 

44 + b 

A-,. 



-4.18 

-0.069 

36 + 

P -P 

.*iU ' :'oj 



-3.33 

-0.041 

32 -fh 




0.49 

-0.017 

44 + 

P -P 

* mi'i ■ ;:m*. 



-9.49 

-0.131 

38 + 

A —A 



-12,03 

-0.159 

8 

P -P 

' j 11 ' 2 k: 



-12.99 

-0.184 

5 




0.84 

-0.005 

58 

P,, -P 

* iM'i ' :'U. 



2.19 

0.050 

21 

A,, , 



4.01 

0.037 

45 + 

P -P 

' 1'1!> ‘-.‘ai 



1.64 

0.042 

35+ 


22 

6.37 

0.073 

40 + 


“Prethcttnl trajectory information l)t*yond this point was not available Invause of the seci>n<l trim maneuver |x»rfonneil at 
’’Predicted trajectory information based on this fit was not avail*,ble lK*yond this p<»int. 

’ As defined in Table 11. 
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Table 14. Long-arc solution summary 


Orliits fit 

1 )rs< Mpitun (il (it 

r;Ul! from mean, km 

A12 from mean at 
periapsis, dvp, 

STf< < 0. 1 5 to 

I’.-r, 

St.ilr ’ Itli-onIfT i( son. ’IK (' 

_ 

— 

p, 

I'rl'u. 

Sl.itr ‘ f)tli-or(l» r rrson.iiKT 

6.67 

0 093 

Pn 


Itli-onloi nson.uirr 

3.30 

0 017 

P, 


■ f>tli-oi(lrr n son.MKr 

0.90 

0.005 





1 91 

0.019 

P - 




1.09 

0.020 

P , 

;■ ,-/• - 



2.82 

0.013 

P , 




"2.55 

0.043 

P, 

l\ r‘’ , 



1.86 

0.013 

P. 

. 



2.08 

0 036 

P 

r .~i \ , 



0.15 

- 0 008 

P. . 

p ]-r . , 



4.53 

0.045 

P-. 

p .-P-^ 



“1.43 

-0.027 

P.n 

p^,-p.. 



“2.97 

0 046 

P.. 


St.itn • ritli-oriltT rrsmuiifc 

2 99 

-0,046 

P., 

P..-P... 

.Statr/J^iniionu iujuIcI ^ 

3.03 

0.036 


p ~p 

Statr • f-)tli-or(lrr rfsonanc'c 

2.58 

0.031 





2.59 

0.031 

P,u, 

Pu.~-Pn. 



-1.68 

0.017 


P -P 



-3.77 

~ 0.041 

P,., 




-1.32 

“0.013 

P,.u 

P, ...-P, 

St.itr ‘ (>tli-ortl«T rrsun.intf’ 

-161 

-0.O16 

Pun 

P,:s-Pu, 

State/harmonic n.odel 7 

1.42 

0.019 

P,:.. 

P, 

State/harmonic model 8 

3.27 

0.042 

p,.^ 

Pr...-Pu.' 

.Statr * fith-order resonance 

0.09 

0.003 


7. 

State/harmonic model 12 

-0,51 

-0.005 

P,r. 

P,T,-Pn: 

St9te/harmonic model 22 

0.06 

0.003 

P,^. 

P -P 

State/harmonic model 22 

0.02 

0.002 

P 

'I'M 

P -P 

* 1!M ' liPj 

State/harmonic model 22 

0.54 

0.009 

P,:>- 

P -P 

‘ nt,'. ‘ I'tT 

State/harmonic mode! 23 

0,78 

0.012 

P,u 

P-J.,;-P.,, 

State/harmonic model 23 

0.43 

0.007 

P-., 

P., 

State/harmonic model 23 

0,06 

0.002 

P...., 

P,,-P.<. 

State/harmonic model 23 

-0.79 

-0.013 

P]\: 

Pi„-P„., 

State/hannonic model 23 

-0.64 

-0.010 

P.:, 

Py.-PyA 

State/harmonic model 23 

-1.31 

-0.023 

Py.u 

P -P 

* j»r,7 * vMf 

State/harmonic model 23 

-1.60 

-0.029 

P:u 

Pn-P^j7 

State/harmonic model 23 

-1.65 

-0.030 

P,,, 


TabI* 19. Charaetarlaties of parMIe variationa TaMa 16. Sacular rataa, rad/a 


Term 

Type 

Period 

Apoapses (5-94) 

Apoapses (05-502) 

(i-ap + (j)M 
m (n — #) 

Short-period 

Medium-period 

Long-period 

1 

12 h or leu 
24 hor leM 
Years 

i = -0.40S X 10-* 
a = -0.349 X 10-' 

i = -0.235 X 10-* 
a = -0.326 X 10-» 

(1 — 2p)m 



m — U 
(/-8p) = 0 
(J-8p + p) = 0 

/ Secular (Constant 
J rate) 
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Table 17. One-sigma measurement uncertainties for 
observed landmarks 


Landmark 

identification 

Narrow-angle 

camera 

Wide-angle 

camera 


Pixel 

me 

Pixel 

Line 

6 

20.0 

20.0 

3.0 

3.0 

66 



3.0 

3.0 

661 

—a 

— a 

3.0 

3.0 

49 

—a 

-.a 

3.0 

3.0 

9 

lo.o 

10.0 

3.0 

3.0 

2 

10.0 

10.0 

5.0 

5.0 

201 

5.0 

5.0 

3.0 

3.0 

202 

3.0 

3.0 

_a 

—.a 

3 

5.0 

5.0 

3.0 

3.0 

51 

4.0 

4.0 

3.0 

3.0 

53 

4.0 

4.0 

3.0 

3.0 

54 

4.0 

4.0 

3.0 

3.0 


•♦Observations of the indicated type were not made. 



Table 18. Variation of n relative to a mean continuous 
node evolution 



A 

priori 

A posteriori 

rroDe 

segment 

AUo, deg 

AWo average, 
deg 

Al;, deg 

AW average, 
deg 

Pt>st-tnm 1 

1 

0.05 

i 0.028 

+ 0.035 

+ 0.025 

2 

0.03 

+ 0.006 

+ 0.035 

+ 0.025 

3 

0.00 

-0.024 

-0.005 

-0.015 

4 

0.05 

+ 0.026 

f 0.015 

+ 0.005 

5 

0.04 

+ 0.016 

-0 010 

-0.020 

6 

0.00 

-0.024 

0.005 

-0.015 

7 

0.00 

0.024 

4 0.000 

-0.010 

.Average 

Rms 

0.024 

0.022 

4 O.OlO 

0.018 


Post-trim 2 


8 

0.00 

- 0.005 

+ 0.000 

- 0.008 

9 

0.03 

f 0.025 

+ 0.040 

+ 0.032 

10 

0.05 

+ 0.045 

+ 0.030 

+ 0.022 

11 

om 

+ 0.025 

+ 0.035 

+ 0.027 

12 

0.03 

+ 0.025 

+ 0.010 

+ 0.002 

13 

- 0.02 

- 0.025 

+ 0.000 

- 0.008 

14 

- 0.04 

- 0.045 

- 0.025 

- 0.033 

15 

- 0.02 

- 0.025 

- 0.010 

- 0.018 

16 

- 0.02 

- 0.025 

- 0.015 

- 0.023 

Average 

Rms 

+ 0.005 

+ o.aio 

+ 0.008 

+ 0.022 

Combined 

rms 


+ 0.0265 


+ 0.0202 


m jwwHucAL worn 


i 



Table 19. Elevation results from landmarb data processing 


Landmark 

Identifi- 

cation 

l,.ltlMl(lr ^ 1 a, 
dri; 

VV Inii^itmle ' 1 a, 

i\tX 

kin 

' I <T. 

Combined UVS and 
occiiltation radius, 
kin 

Combined radar and 
occultation radius, 
km 

South polar 
cap 

6 

“86 02 n.Ol 

357.11 > 0.14 

338167 

*20 

Kxit occultation value at 
78.8'' latitude and 
316.6°\V lonKi^lde is 
.3383.9 km 

Outside limits of 
Karth-based radar 
observability 


9 

-84.12 ^ 0.01 

57.69 ^0.11 

3382.4 1 

*20 




66 

-80.22 0.03 

.35111 *-0.10 

3383.11 

* 2.0 




661 

-81.00 ±0.02 

141.42 * 0 11 

3382.71 

+ 2.0 




49 

-76.97 + 0.03 

1.33 ^O.Il 

.3.381.97 

* 3 5 



Pavonis Laciis 

2 

1.50 >0.04 

113 17 +0.03 

.3410 81 

*2.5 

3411.5 

3412.0 


201 

158 ^,0.03 

113.00 ±0.03 

3413.07 

*2.4 

Nearest available value 
is 3417.5 

Nearest available value 

IS 3118.0 


202 

0.28 ±0.03 

113.96 +0.03 

3414.95 

* 2.3 

Rase 3403.0 

3403.5 

Nodus Gordii 

3 

-10.25 ±0.03 

120.82 * 0 03 

3412 05 

2.3 

Base 3402.0 

3403 5 







3414 5 

.3415.5 

Nix Olympica 

51 

17.21 ^om 

133.73 +0.03 

3419.20 

* 2.6 

Base 3401 0 

3402.5 


53 

17.91 >o.a3 

133.70 > 0.03 

3116.22 

*^2.7 

No relative information 
available 



54 

17.77 ^0.03 

133.45 +0.03 

3418.51 

* 2.6 

No relative information 
available 



Table 20. One-sigma uncaiteintiot In Mariner 9 position when ranging Is taken 


Position 

components 

Pre-flight 

Actual pre-gravity 
sensing, 
revolutions 1-4 

Post-gravity sensing 
(3 stations), 
revolutions 4-280 

Post-gravity sensing 
(1 station), 
revolutions 280-095 

Post-gravity sensing 
(conjunction region) 

rdn.kin 

30 

120 

5 

10 

< 30 

Ar, m 

100 

400 

20 

60 

< 150 

Ax', m 

50 

200 

20 

60 

< 150 


TaMa21. Plact paalMoii Mncart ab i M aa on C arth Mar a manaufa m aiM 



Pve-flIgM 

Actudhp^^vity 
levoliitloiis 1—4 

Post-gravit>' sensing 
(3slitkNit), 
revolutions 4-850 

Poft-navity sensing 

\ \ 

revolutionf 250-606 

Post-gravity aenslDC 
(ooniunction ra^en) 

rAO, m 

3 

15 

OJS 

1 

<3 

Ar. m 

0.01 

0.04 

0,008 

0.006 

< 0.015 

Ax'.m 

50 

800 

iO 

00 

< ISO 


IW 



ng. 2. I»«ng«-rat« tim« Wftwy for two dWftront 
valuM of orbital poriotf 



1 CMwmtarOOpooMMiofreralpwiopaibM* 
^mcbenof dotatarminotion timo 


V 
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Fig. 7. Protection of tru« and MtimatadorbK in 
Earth's plant of tky 


Fig. 8. Time histories of pre-flight state estimate uncertainty 
over a single revolution (November 14, 1971) 
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ANTENNA ELEVATION ANGLE, 6*g 



TIME, s 

Fig. 10. Pre-gravitation sensing solution history 
(pre-flight simulated data) 



0 4 8 12 16 20 24 28 32 

TIME PAST NOVCMSEIt 15, 1971, h (GMT) 

Fig. 11. Antenna elevation angle vs time: (a) November 15, 1971, (b) May 5, 1972 
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Fig. 14. Distribution of observation times relative to time of 
periapsis passage of spacecraft for pictures used in optical OD 


Fig. 13. Differenced range minus intognled doppler time his- 
tories: (a) August 20 (order fit 8), (b) August 23 (order fit 3), 
(c) August 25 (order fK 3) 
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Fig. 15. Landmark locations: (a) South polar region, (b) Pavonis Lacus, (c) Nodus Gordii 
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Fig. 17. Typleal roN*aito iMfc 
IM 


|0IJM)UT framk 

a 



Fig. 18. Gat iatic accaleration and aV history for mid-Dacambar 1971 
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VELOCrV INCREMENTS, 





MUM ITMO 1 0805 0T8 gP5 .9X17*01. n IM COM 

0L08CM 1.287M1 NCUK8 HP 1395. ?««« 

P5-M 

i*UM»91 1.52?8*«1 -1.2402»0l ' -1.5592-03 ' 2.0999-03 1.4752-98 

rn-co 

1.1159491 1.9278401 -1.1402401 -1.5592-03 -2.0909-03 1.4752-95 



MOH 

*XC> 0 

tCi4 0 


X 

.e25#iMete3 

,32^^01090^03; 

.03617124403 

4 3926^02 

i 


-4 243869 3kH04*. 

-.241340*1404 

.1250^03 

2 

-.4€r3t#413^e4 

'• 403804134 ch:: 

-.40904430404 

.6780-»^2 

DX 

.3%x^n^z^i 

.?315264«401;! 

.33137093401 

4 3044-01 

t>< 

-ol24«49i3*t^l 

-el24€49l3401» 

-.12485418401 

."^223-Oi 

t>2 

el43M22440x 

4l43M22440i: 

.14350372401 
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. I 
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0 

OClfCR 1.289401 NCNPCP 1.299401 HP 13U.1400 

05-08 

-?.27r2-02 -3.1072-01 2.4808-91! 1.0979-04 2.4969-04 -2.4270-09 

m-88 

-7.2722-02 -3.1072-01 2.4009-01 < 1.0079-04 2.6049-04 -2.4270-09 
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Fig. 20. TRKE3 initial orbit convergence 
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Fig. 21. FIrfI orM convtfi«fic« hittery (potitftofi) 
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DlVDED BY A PtIOIM UNCERTAINTY 
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Fig. 28. Effect of gas teak modeling on estimate of harmonics 



Fig. 29. Effect of tphomorit ofToni on Mtlmati of harrnonics 
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Fig, 31. Time history of ratios of in*track and out-of-plane position deviations to r^,Mi 
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Rf. 41. TV imaft rttklualt: (a) Pavonit Lacua, (b) Nodut 
Gordil, (c) Nix Olympica, (d) South polar rag Ion 
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Fig. 43. Topography ol Mara (from radar*ranglng data) 
rtlathrt to eantar of mats 
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Fig. 44. Topography of Mara (from UVS and occuKation data) 
rtlathrt to an aquipotantial aurfaca 
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Fig. 45. Altitude profile of Middle Spot 
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Fig. 47. North pole of Mars In Laplacian plane of Delmos 
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Fig. 48. Mars spin-axis dirsctlon solutions from Marinor 9 daU 


JPL TECHNICAL REPORT 32-1986 


191 





r 



'sivnaisja oj ivwion 


192 


JFL TECHNICAL NC90IIT 32-19M 


V 



Maneuver Analysis 

R. T. Mitchell. G. R. Hintz. and G. Preston 


The maneuver analysis for the Mariner 9 mission, both 
pre*lannch and in-flight, was different from that of 
previous Mariners because of the requirement to insert 
the spacecraft into orbit aJ i Mars and to trim the orbit 
to an unprecedented accuracy. The most apparent dif- 
ferences were in the spacecraft design, the software de- 
velopment, and the maneuver strategy required for each 
phace of the mission. This section describes the analysis 
that was performed and the software that was developed, 
with emphasis on the maneuver strategy and actual in- 
flight results. 


I. Strategy Evolution 

The development of the maneuver strategy began early 
in mission planning and extended well into the inter- 
planetary flight. Initial strategies were varied because 
analysis indicated different techniques for increasing 


accuracy and reducing velocity-correction requirements. 
.\dditional changes were made as the scientific objectives 
evolved and became final, thus changing trajectory re- 
quirements and delivery accuracy specifications. The loss 
of Mariner 8 at launch, leaving only one spacecraft with 
which to perform the Mariner Mars 1971 (MM71) mission, 
also led to significant changes in the manner in which 
maneuvers were designed and implemented. The selection 
of the final target values for the orbit about Mars was 
completed about 2 months after launch, when the final 
ex|>erimenter inputs became available. 

Initially, the two missions were identified as A and B» 
with target values of 1250- and 850-km periapsis altitudOt 
80- and 50-deg inclination, and about 12- and 33-h periods, 
respectively. The apsidal rotation, defined as the angle 
between the incoming asymptote and the elliptical periap- 
sis direction, was specified as 130 and 155 deg, respec- 
tively. 
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T\w orij^inal plan for int(‘rplanofary maiKMivcr targrtini' 
was ti) select aim points that would yield an orientation 
c'orrespondinji to tlu‘ desired inclination, thcn‘by allow- 
i!i<: th(* orbital maneuvers to be planar, and to give B- 
magni tildes for minimum insertion velocity rc’quireiiumts. 
PrcN’ious work indicated that out-of*plane errors caused 
by orbit determination (OD) and manem'cr execution 
errors were within specifications and would not recpiiri' 
correcting. The insertion was to be targeted directly to the 
desired period, orientation, and periapsis altitude*. Since 
post-insertion trajectory errors were expected to be large, 
primarily because of OD uncertainty on the approach 
hyperbola, two trim maneuvers were planned. Tlie first 
was to correct periapsis altitude and orientation. The 
remaining period error would thc'n cause the periapsis 
passage time to migrati* into the Coldstone view period. 
A s(‘cond trim would be performed at periapsis when the 
desired timing was achieved. This second trim would 
adjust the orbital period to about 12 h, thereby causing 
every other periapsis passage to occur near the middle 
of the (ioldstone view peri nl. The orbit would then be 
“synchronized” with Coldstone, maximizing the data re- 
turn capability, as discussed in the Introduction. 

The first change in this plan came early in the analysis, 
when it was observed that by biasing the target period at 
insertion to a larger value than was ultimately desired, 
two benefits could be obtained. First, aV requirements 
were reduced because the probability of needing to restore 
energy to the orbit with a trim after removing too much at 
insertion could be reduced from 50% to nearly zero. The 
second benefit came from the fact that nearly synchronous 
post-insertion orbital periods would require more time to 
get into proper phase than thosf with larger period errors, 
since the periapsis migration would be slower. When 
starting with periods well above the synchronous value, 
the trim sequence would proceed much more rapidly and 
efficiently. Details of the actual implementation of this 
strategy are discussed later in this section. 

After the failure of Mariner 8 at launch, a mission re- 
design took place to maximize the data that could be 
obtained with the single remaining spacecraft. The final 
orbit selected had a periapsis altitude of 1300 km, a period 
of about 12 h, an inclination of 65 deg, and the maximum 
achievable apsidal rotation (^), which was a little over 
142 deg for this orbit. It was determined that the delivery 
accuracy of the in-plane orientation of the orbit after 
insertion would be acceptable for meeting the mission 
objectives. This increased the overall mission reliability 
by requiring only one trim maneuver, which would correct 
the period, in those cases where the post-insertion 


ptTiapsis altituili* was within tolcranw. Tlu* Mariner 9 
spac‘(‘vralt was launtlu'd and the first midcourst' maneuver 
performed imdiT these grouml rul(*s. 

Tin final decision on the di'sired orhit was made hy the 
(‘XjX'rimenters in July 1971, 2 months alter launch. The 
periapsis altitude recpiirement was changed to allow any 
altitiuh* in the range of 1200 to 1500 km, and the desiri‘d 
apsidal rotation was fi.xed at 140 deg. Bas(*d on this, a 
valiu* of a 1350-km periapsis height was chosen to mini- 
mize tile likelihood of reejuiring a post-insertion altitude 
correction. (Iianging tlu'si' two target paraim*t(‘rs also 
slightly changed the optimum B of the approach hyper- 
bola from that in i‘fft*ct when the midcoiirse maneuver 
was performed. However, a fortuitous eomhination of 
(execution and OD errors at the time* of the* first manenve*r. 
plus an update of the Mars ophemeris during flight, re- 
sulted in a near-optimum spacecraft trajectory. Cemsc- 
((uently, a seceind niidcourse maneuve*r was not needed. 

Additional details on maneuver strategy as it relates to 
actual maneuver implementation may he found in the 
following discussion of the de.sign and performance of 
each maneuver. Further descriptions are also presented in 
Ref. 1. 


II. Maneuver Mechanization 

The planned maneuver sequence for the Mariner 9 
spacecraft was a gyro warmup period followed by a roll 
turn, yaw turn, and burn. Turns could be made of either 
liolarity and for durations exceeding a complete revolution 
al)out either axis. The duration of the turns was controlled 
by counting a specified number of pulses, each 1 s in 
length. Hence, the computed turns to implement a cor- 
rection had to be quantized to an integer number of 
seconds in duration, and could not be mechanized pre- 
cisely. With a turn rate of about 0.18 deg/s, the maximum 
resolution error was 0.09 deg about both the roll and yaw 
axes. A similar situation existed for controlling the magni- 
tude of the velocity correction. An accelerometer was 
used, which issued pulses for each 0.03 m/s (0.96 m/s 
for insertion), corresponding to a maximum resolution 
error of 0.015 m/s (0.48 in/s for insertion). 

Two degrees of freedom existed, which allowed the 
effect of these resolution errors to be minimized. C^e was 
to alter the time of motor ignition, thus changing slightly 
the pointing and magnitude requirements. The second 
was to modify the direction of the maneuver in such a way 
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tint fiihc al paiMinrU'i's writ' and rc*.so- 

lution rrmrs inapjM'il into loss important paranu'tors. 
I‘\>r tlu‘ tir^t inidc’omsc iniuu'uvor, t!u* s(‘nsiti\ity o\ tlu* 
inaiUMivi'r par.imott'rs t<> motor ignition linu* was so slight 
that no ad\ anta<;cs cotild In' ol)taiiU‘d without (lianj^ini: 
ignition time' to tho point that it aftVetod other operational 
eonsi(l(*rations. 1'lu‘ aeeniacy with whieli tlu* B-\'(*(‘tor 
inaUnitnde was (ontiolU'd was improN(*d, how(‘V(*r, by 
alterini^ tlu* arrn.il tinu* so that tlu* aeei'lerometer r(*sohi- 
tion was eliminated The errors eaused by (juantization 
of tlu* iiiM'rtion maneuver parameters were negligibh* 
when compared with c'-xju'cted exc*ention and orbit deter- 
mination c'rrors and, hence*, wore simply roundcxl to the 
nearc'st inleg(*r piils<*. A further motivation for cloiiig this 
was l!u* faet that the targc*t parameters w’(*n* interrelated 
in such a manm*r that it was not possible* to absorb errors 
into a single one* of them. The sensitivity to ignition time 
for the trim maneuvers was large* enough that ignition 
time* ehang(*s were iise’d very effeetive*ly both to redne (* 
resolution errors and to aecount for late* changes in the* 
orbit e*stimate. 

A number of altc*rnati\ es existed for controlling the start 
of motor bum, all of which involved use of the computer 
and/ui sec|ueiicer on board the spacecraft. For the mid- 
course and trim maneuvers, when an aborted maneuver 
did not mean mission failure and was preferred to an 
anomalous maneuver, the spaec*craft w*as operated in 
the tandem mode. In this mode, the computer and se- 
(juencer counted down simultaneously and aborted the 
maneuver if the count was out of s\Tichronization. A 
ground command (DC-52) was issued to initiate the 
countdown for the tandem maneuvers. This flexibility 
was not available for the insertion maneuver because an 
abort meant total mission failure. Instead, the spacecraft 
w^as operated in a parallel mode, wherein both the com- 
puter and sequencer counted dowm to motor ignition 
w*ithout a fail-safe check, and either could initiate the 
bum. This countdown was initiated by a stored onboard 
command. 

The execution errors associated with the mechaniza- 
tion of a maneuver may be classified as proportional to 
the maneuver magnitude, and fixed, and therefore inde- 
pendent of the magnitude. Resolution errors, caused by 
the quantization of commands, are included statistically 


'Two independent roll/yaw turn sets exist that will achieve the 
desired thrust pointing direction, although, in general, the space- 
craft orientation after implementation of each set would be dif- 
ferent. By taking different combinations of turns, including the 
long way around (>180 deg), eight different turn sets are found 
which yield the required thrust pointing. 


with tlu* li\(‘(l mors. 'Hu* 3-<r cwcntioii (*rrors in both 
nugmtiuh* and pointing lor Maiiiur 9 an* shown in 
rahli* 1. 

III. Maneuver Constraints 

V nninlu ‘1 ol ronstraints ( xisted on tlu* design ol each 
of tlu* maneuvers priinariK on the fiiriu. th could he 
]ierlonned and on tin* timing of the maiu*uvers Turn 
.‘onstraints wen* detc*rmiiu*d by the nt*c*d to li.ixc* down- 
link cominunieations during tlu* motor burn, and the 
re(|mn*nients that (‘c*rlain of tlu* instrnm(*nts not lu* 
poinl(*d to the Sun, Kartli. or Mars. Figun* 1 indicates the 
manner in w liich \ i{)lation ol turn constraints was elu'cked. 
lb superimposing on this figure* the trace of the* Sun, 
Karth, or M.irs during the turns, an apjm>priate set of 
turns from among the eight possible could he dt terinined.’ 

Specific* instninu*nts which imposed constraints were 
tlu* infrared interferometer spc*etroineter (IRIS), TV, and 
C^anopiis sc*nsor sun shiittc*i. Tlu* constraint imposed by 
the latter instrument was precautionary because the pur- 
po.se* of flu* shutter was to protec t the ("anopus .sensor from 
light sources such as the Sun. The precaution was nc*ces- 
sar\ because, if the shutte r failc‘d either in the ojx*n 
position and tlu* .sensor was damagt*d by being exjwsed 
to diri'ct sunlight or in the* cIosc*d position, the spacecraft 
would he unable to maintain its star reh*renc*e. Crmmuni- 
cation constraints, which rt*cjuired that the appropriate 
antenna lx* diri*cted, wath varying tolerances, to the Earth 
direction, were satisfied l)y incorporating this factor in 
tlu* maneiwer strategy at the outset. The aim points at 
launch and first midcourse w'ere biased for the first and 
sc‘cond midcourses so that, if the sc*cond midcourse were 
not needed, the bias would not have to he removed. Addi- 
tional details on this biasing scheme are given later in this 
.section. The medium-gain antemna w'as mounted so that it 
was aligned witli Earth when the spacecraft w'as in the 
necessary orientation for insertion and for a phasing 
maneuver to reduce the period, in accordance with the 
orbital strategy discussed earlier. The only maneuver, 
ha.sed on the final strategy, with pointing requirements 
that would not allow u.se of the medium-gain antenna, was 
an apoapsis maneuver to lower periapsis altitude. Had the 
need for this maneuver arisen, the low-gain antenna would 
have lu'en used. Spacecraft orientations in which neither 
antenna could have been used existed, hut never would 
have been needed for the strategies employed. 

The constraints on maneuver timing were that each 
maneuver be completed over a single tracking station and 
that near-Mars maneuvers be performed over the 64-m 
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.mtciin.i .it (iolclstonr lor l)(*Hor l(‘!rinotr\ V final 

roiislraint. wliirh applird onlv to the first iihiiu'uvi'r, was 
that tlu‘ m.i^nitnclr rxcaaal 0(1 ip./s This ronstraint was 
imi>i)M‘tl to pio\ i(l(‘ propiT proprliant srttlinii ami la'lora' 
tion of tlu' i^as hiihhl(‘ within tlu’ hl.uldor ht'(\ms(‘ tho 
spai'taaalt was ”iipsid(“-ilow ii” at lamuh. 

IV. Maneuver Software 

Thr i-ntin* softwari' parka^t* for tlir MariiuT 9 mission, 
iiu'ludim; that for profli^ht analysis and indlii^ht opera- 
tions, cimsisted of many programs. Tlu* pretlight design 
and anaKsis (n^vA) programs wen* used for t*\aluatinn of 
various strategies aiul eonslraints. determination of 
propelIanl-h)ading 1 eipiirements and delixery eapahility, 
and for proviiling insight to potential problems during 
opt*rations Operations programs wer<* placed in two 
(‘ategories : eati gory I programs had a formal eertifieation 
and doeumentation schedule and eonsisted of the main 
programs used for deeision-making and gc*neration of 
eommandablc* (|uantitic*s, eatc'gory II programs, which 
went through an (*(|uallv thorough, though less formal. 

\ ('rific ation process gener.dlv were smaller programs used 
for checks, geiu*ration of sup|X)rting data and plots, prints 
ingof magnetic ta|>i's, etc. A brief description of the D&A 
and catc'gory I programs follows. 

A. Design and Analysis Midcourse 

The D6cA midcourse program us<*d the st*lected sam- 
pling technique, rather than Monte Carlo, for generating 
statistics. The program had the capability to analyze two 
successive manem ers and satisfy the planetary quarantine 
constraint by adaptively selecting aim points according to 
a specified strategy. Three .such strategies existed with 
differing criteria for optimization. All execution and OD 
errors, and vehKily rt'quiremtmts were computed in three 
dimensions, except that the second maneuver corrected 
only the B-plane miss resulting from the first maneuver. 
The principal output from this program was a three- 
dimensional hi.stogram on B*R. B*T, and velocity rt>quire- 
ment. Single variable histograms were obtained by sum- 
ming along the other two perpendicular axes. 

B. Design and Analysis Inttrt 

The D4cA program for insertion studies used the three- 
dimensional histogram, or box. from the D&A midcourse 
maneuver program as input, and processed each entry, 
along with its associated probability, to detennine 
insertion velocity re<|uirements and delivery accuracy for 
the insertion maneuver. The program simulated a finite 


burn foi (‘aili i>oml of tbc input box using numciual 
intcuiation and supplital, as pnivipal output, tlilivt'ry 
statistic s on the* posl-insiTtion orbital ( K'nicnls and .isso- 
c iati'd total wTu ity statistics to tliis point m tlu* mission. 

C. Design and Analysis Trim 

'IVo n\ V trim jirograms W(*rc dex eloped, one to 
.mal\/c onc-tMiu strategics and tbc other for two-trim 
str.itc'i^ic's, both programs acci‘plt*d as input the* velocitx' 
and deli\(‘iv stalisties from the insertion program and 
iisi-d Iwd-IxhK conic ccpiations and impulsive maneuver 
modt'ls to d(‘t(Tmine veloi'ilv rccpiireinents. final d(*liv(*ry 
stalistie s, and optimum strategies in the presence of time 
eonstrainls and re(|uirements. These programs I'ontaiiu'd 
sophistic ated algorithms for trim maneuver analysis and 
o|gimi/ation, and provided a valuable insight to the over- 
all trim pmbh'in. Their utility was limited, however, after 
the simplified strate’gv was developed following the loss 
of Mariners. 

D. Command Midcourse 

'r»e command midcmirsc program was used for the 
cakulation of the maneuxer parameters for the inter- 
planetary trajectory corrections. It required an intorfact* 
with each of the following progiain.s, also used in opt*ra- 
tioii 

(1) Douhle precision trajectory program (Din’RAJ). 

(2) Orbit determination program (ODPl 

(3) Double precision analytic partials (DPAP). 

(4) Iterative search package (SEARCH). 

(5) Telecommunication performance (TPAP). 

(6) Trajectory monitor (TRAM). 

The c*oiumar.d midcourse program computed the pre- 
cise maneuver parameters required to achieve the desired 
encounter, including com|>ensation for the accelerometer 
re.soIution error, and printed other data required for off- 
line analysis of constraints and turn resolution error 
diH.'isions. An impulsive bum model was used with the 
results verified by a finite burn simulation using DPTRAJ. 

E. Command Insert 

The command insertion program performed a similar 
function for the orbit insertion maneuver. The interface 
with other programs was the same, except for the addition 
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of tlu' propulsion suhssstt'm oporations pro^i.nn 

for tlu' linitr hum mmh'lini;. .uul .1 ilifforont soarrli 
routiiu' to *il!o\v uons(|uar(' sraivlios to h(» pi'rformoil. Thr 
nonuniipu* ronwriirmt* prol>lom was liamllcci In a 
wviv;ht(‘(l l(Mst-s(|uar('s t ritorion 

F. Command Trim 

TIu’ c’O muaiul tiiiu program was similar to tlu' mM ition 
program m oxorall stnuluri' ami intt‘rtaoos. A soplnsti- 
c att'd stratouy tor st‘lt‘ction of tarijot vaUu‘s was dovrlopotl 
within tlu’ pn'gram, hut it was usod oulv minim.dU w ilh 
the final strategy selivtcd. 


V. Injection 

The launch vehicle was sufficiently accurate at injec tion 
that, after the aim |X>int was biased to satisfy navigation 
constraints, the spacecraft orientation for the first maneu- 
ver was not random. As a rt'snll, it was possible to st‘!c(‘t a 
launch trajectory which would satisfy all the imposiul 
constraints (discussed below) and lead to a midcourse 
maneuver with a preft^rred spacecraft orientation. A de- 
tailed description of the injection targeting process will 
indicate how’ this was accompli.shed. 

The target selection prixess included sjX'cification of 
the launch vehicle orientations for launch vehicle/space- 
craft separation, launch vehicle deflection, and the de- 
sired post-separation encounter parameters of tlu* 
spacecraft, subject to a numln'r of launch vehicle, space- 
craft, and mission-relati'd constraints, 

A review of the near-injection sequence of events will 
prove helpful at this |X)int. At main engine ctitoff 
(MECO), when the launch vehicle/spacecraft was on a 
trajectory to Mars, the launch vehicle began to turn to a 
prespecified direction for separation, t'ommonly refern*d 
to as the a-direction. Separation occurred at MECO plus 
95 5. At 250 s after separation, the spacecraft ejected a 
radiation-absorbing plug from the medium-gain antenna. 
Sun and Canopus acquisitions occurred soon after separa- 
tion. The launch vehicle coasted on a ballistic trajectory 
for 460 s following separation, maintaining its inertial 
attitude along a. At this point, the vehicle began to turn to 
a specified direction for a deflection maneuver designed 
to ensure that it was placed on a trajectory with no chance 
of impacting Mars. The deflection maneuver^ whose thrust 
direction is commonly referred to as the b*direction« was 
initiated 95 s after the beginning of the turn to b, with a 
duration of about 20 s. 


riu' ol tlu' a-ilin rtion had to In- mailv m Mivh 

a mamu'i as to s.itislv tlio follow ing nitiMia: 

(P 'riu' low gam antenna of tlu‘ spaeei'ratt must he 
pomli il in the eaithw aid lu'imspluTt* ol the spai’e- 
t lalt to aehie\e ae(|uisilion of sigu.il. 

rhe posf-st'paration orientation of the spaeeiiatl 
must ht* sneh that the Sun is ai’quirt'd !>etoie the 
s|\ieei raft tmters the l^.^rth'^ shadow . if jx>ss,hl<\ 

'rlu' orientation must m>f eause the Sun traek m 
spai'eiTaft eooiilinatt ^ to pass through tlu* T\’ field 
ol \u‘w ilurmg Sun ai (|uisition 

(1^ To satisfy the planetar\ (piarantiiu* eonstr.uul. the 
medium-gain antenna plug must not ht* ejected 
from the sp.u t't raft into a trajet tory which w ill 
impact Mars. 

Tlu* maximum turning .mgli* hclwa en tlu* launch 
M*hich* longitudinal axis at MF(X) and at separa- 
tion must he .ihont fX) dt*g to (*nsnre that the launch 
vt*hiclc is not still turning at separation. 

The final value for a was elu^sen by turning tlu* launch 
vcbiclt* iu>se-tlown 90 deg fnun its ME(X) attitude in tlu* 
traji‘clory pKine, which provided the best ixissible geom- 
i*try for criterion (1) subject to (5), and was entirely satis- 
factory for (2) and (3). The means of satisfying criterion 

(4) will hv discussed later. 

C'onstraints govt‘rning the selection of b were: 

( U The launch vehicle must Ih' turned far enough from 
its separation attitude to ensure that the deflection 
thrust d(H*s not accelerate the launch vehicle into 
the spact^iraft. 

(2) The launch vehicle orientation at deflection must 
prevent exhaust gases from impinging on spacecraft 
optics. 

(3) Tlu* launch veliicle mu.st not Ih* deflected in a direc- 
tion which w oiild bring it within the field of view of 
the sfiactvraft Canopus sen.sor. 

(4) The deflection dirt*ction should map as nearly as 
possible, subject to criteria (1), (2), and (3), along 
the negative gradient of the probability density 
function of the injection error distribution, thus 
minimizing the risk of impacting the planet. 

(5) It is desirable to prevent the launch vehicle and the 
ejected antenna plug from colliding. 

(6) The maximum turn from the separation attitude 
should be about 90 deg. 
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llir riK‘ount(T t’oiuhtK'n'' io hr f.u'i^rtc’d h)r ;il m)<‘C‘tion 
\viT(’ (U‘trnniiu‘(l h\ llu' tollowi!)^; ( onsidiTation'i; 

(1) The (orstiMinl must lu‘ plac(*d on llu* spanuratt 
sNstrm that the first mamaurr ma^niludo In* .it 
loast .5.6 m/s. as miMitioncd alxivo. 

(2^ Tin* prohahility of imp.ict associati'd with thr .so- 
loittd I’lKonutcr paramrtors, foml)in(*d with t!ic 
R’li.diility of tlu- spaciHTaft inaiuniUT systi'in, must 
satisfy tlu‘ p!aiu“tar\ (piaranliiif constraint. 

(3) Tiu* tari;t‘tini^ shouhl he such tliat tlu* mamaiver 
r(‘(|uin‘d to remove tlu* hia.s imposed hy eon>idera> 
tions (1) and (2) is oriented to ininimi/e tlu* elfe(‘ts 
of execution (‘rrors on the more critical encounter 
parameters 

(4) The nominal maneuver to remove the hia.s. or iny 
statistically likely dispersed maneusers, must not 
violate any constraints on the first maneuver In 
particular, it is d(‘sirahle to bias m such a way as to 
provide favorable communii ations during' the first 
maneuver. 

Pre-launch statistical analyses of the launch vehicle 
injection characteristics indicated that a nominal bias 
velocity of about 8 m/s should satisfy the requirement of 
(1) to the 999?’ level. Since the low-gain antenna and the 
nozzle of the propulsion system are parallel a maneuver 
which accelerated the spacecraft along the Earth-to-space- 
craft direction would exactly align the antenna axis with 
the Earth. Further, it was determined that all statistical 
dispersions about this nominal velocity, caused by injec- 
tion di.spersions, satisfied all first maneuver constraints. 
The spiitial miss correction in the B-plane associated with 
an 8-m/s maneuver along the Earth direction was larger 
than the bias required in that direction for planetary 
quarantine, thus satisfying the rec|uirements of considera- 
tion (2). In fact, the required aim |x)int at launch for such 
a maneuver was sufficiently far from the planet that, for 
even the most unfavorable spacecraft orientation at plug 
ejection, the plug could not have been put on an impact 
trajectory (see item 4 under selection of a). Because, for 
Mariner 9, pointing errors were the dominant source of 
execution errors, (3) was optimized by having the nominal 
maneuver lie in the plane of the gradients of the miss 
parameters. The Earth direction in general does not possess 
this property. However, over the MM 71 launch oppor- 
tunity, the Earth s angular distance away from this plane 
was relatively snuiU, and the encounter parameter sensi- 
tivities at the first maneuver were not appreciably de- 
graded by performing an Earth-line maneuver. Conse- 
quently, the injection ti^rgeting parameters were selected 


to U’(|iiirc .iii S-m/s K.irtb lint' in.mcm cr at launch ])lns 
5 days. Fii^urc 2 mdicatc.s the B'K and B*T parami'lcr.s 
as a function of tine throughout the* launch opportimit\. 
riu‘ Iii. IS in .irrival time, not shown in Fig. 2, was about 
21 h liter th.in the* dc’sirc'd post-inant*nv(‘r eneountc‘r time 
for each da\ in tlu* l.umch period. Figure 3 shows tlu* 
pc'rtiiu'iit t.irgeting data tor tlu‘ actual Mariner 9 laimeh 
date of May 30, 1971. 

VI. Interplanetary Maneuvers 

I'he targc'ting parametc*rs to be* controllc*d by the om* 
or more* midcourse maneiivi*rs are the* B-vector magni- 
tude*, tlu* inclination of the .ip]>ro.ich hvperbola, and the 
time* of closest appro.ich. The primary criteria for selec- 
tion of these parameters arc: 

( 1 ) vS(‘lccl values which will be optiimim for the in- 
sertion and trim strategy, including maximizing the 
likelihood of not needing more than one trim. 

(2) Satisfy the planetary quarantine constraint. 

(3) Bias chc first maneuver aim point in such a w^ay that 
the second maneuver will 

(a) Have* the effect of minimizing execution errors. 

(h) Have favorable antenna pointing. 

(c) Not have to be jx'rformed to remove this bias, if 
not needed for other reasons. 

Based on the mission requirements at the time of the first 
maneuver and on the data of Fig. 4, a target value of 
8200 km was selected for B-magnitude. This value would 
yield a f near the maximum, with a very low probability 
of ^ being less than 138 deg, and a high likelihood of 
achieving an near 1300 km. The plan was for the inser- 
tion and trim maneuvers to lie in the trajectory plane of 
the spacecraft, thereby minimizing maneuver velocity 
requirements. Accordingly, a hyperbolic inclination of 
65 deg, equal to the desired final orbital inclination, was 
selected. 

A number of considerations governed the selection of 
the target arrival time. The first was to bias the first 
maneuver aim point to provide desired characteristics for 
the second maneuver, llie magnitude of a second maneu- 
ver, performed within 30 days ot encounter to correct for 
mrbit determination and execution errors at the time of 
the first maneuver, was small, the 09% upper limit being 
less than 0.75 m/s. For maneuvers this small, the fixed 
magnitude execution error dominates the proportional 
errors. It will be shown later that the pre-insertion arrival 
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tinu‘ can vary up to ^30 min aiul hv compensated for 1>\ 
tlu' orbital stratt'j^y witli very little effect on final dt'- 
livcry errors or on the one-trim probability. For this 
r(Mson, a strategy that would direct the fix«'d magnitude 
(‘rror along the flight tim(» direction is desirable. Tlie need 
tor such a strategv is dnnonstrated by noting that a 3-cr 
(Tror of 0.1 in/s on a maneaiver ajiplied in the gradient 
plane of the miss parameters (critical plane) 30 days befon* 
encounter r('sults in a miss of over 250 km. Th(' same error 
p(*rp(‘!idicular to tlu' critical plane (noncritical direciion) 
r(*sults in no miss and a change' in arrival time* of less than 
1.5 min, Bv d(*signing a maneuver with a large' c-omponent 
along the* noncTitical direction and the* reejuired projection 
onto the critical plane, the componc'nt of the fixed error 
projc'C'ting onto the critical plane can be lUiide .irbitrariU 
small. This is illustrated in Fig. 5. There is a limit on how 
far such a process can be taken adv antageously bt'canse. 
as the magnitude incre ases, the proportional errors in- 
crease. For a maneuver nearly along the noncritical direc- 
tion, the pointing errors, which map onto the critical plane, 
are most significant. Figure 6 illustrates the technique' 
used to determine that vcleK ity componi nt along the non- 
cTitical dire'ction which gave minimum exe'cution errors in 
the critical plane for an in-plane component of 0.75 m/s. A 
parametric analysis indicated that the minimum point of 
about 2 m/s was quite in.sensitive to variations in the 
in-plane‘ component, and accordingly, a bias of 25 min, 
corresponding to 2 m/s, was introduced in the first 
maneuver target arrival time. Based on these accuracy 
considerations, there w^as no prefer mce for biasing late or 
early. However, because a second maneuver to decrease 
flight time gave favorable antenna pointing, the first 
maneuver was targeted for a late arrival. 

Two other considerations for selecting the arrival time 
were the requirement of the orbital strategy that the first 
periapsis after insertion occur about 2.5 h before Gold- 
stone zenith, and the fact that the unbraked hyperbolic 
periapsis time would occur 10 min prior to the first ellip- 
tical periapsis. The determination of a target arrival time 
based on these three considerations is illustrated in Fig. 7. 

The necessary maneuver parameters were calculated to 
correct the trajectory from that achieved at injection 
(Fig. 3) to one that would meet the target values given 
above. The magnitude, after compensation for the accel- 
erometer resolution, was 6.731 m/s. llie computed turns 
and the choices of commandable turns are shown in 
Table 2. Figure 8 demonstrates the rationale behind the 
decision to go to the next-larger turn in both roll and yaw, 
where it is seen that this combination gives not only the 
minimum miss but also a miss nearly perpendicular to the 


B-ua Imi. oi ill llu' iiKlinatioii direction. This is a desirable 
situation, siiur B-niagnitmU' control had a tighter re(|iiire- 
mi'iit tiian inelination. 

Thv ('stimatt'd dt'liviTy ri'sults are given in Table 3. 
Tlu' a priori d(*li\er\ stalistiis shown are basi'd on having 
pt rfornu’d only oiu' inaneuvi'r. and the estimated delivery 
was takt ‘11 from OD solutions made within 2 wt'eks of the 
maiu'uver to allow separation of the maneuver execution 
errors from such items as epht'meris updati's and non 
gravitational forces. For this reason, these statistics will 
differ from other solutions shown elsewhere. The esti- 
mated maneuver parameti'rs are presentcvi in Table 4. 
It is important to note that the turn error (’stimates are not 
( stiinates of actual errors in performing the turns but 
ratlu'r a measure of the total pointing error expressed in 
(‘(piivalent roll and yaw errors. They therefore include the 
I'ffects of such error sources as limit-cycle position and 
gyro drifts. 

By the time a second midcour.se maneuver would have 
bec'u performed, about a month before encounter, the 
final orbital reqiiirement.s had been set. The previous 
values of maximum apsidal rotation and a 1300-km periap- 
sis, on which Fig. 4 was based, were changed to new 
values of 140 deg of rotation and an altitude of 1350 km. 
These nc'w values increased the optimum value of B- 
magnitude to a little over 8200 km and allowed some 
savings in insertion velocity near this value, as shown in 
Fig. 9. The change in orbital requirements had very little 
effect on the interplanetary delivery target. Because the 
first maneuver was executed quite accurately and erred 
in the now preferred direction of increasing B-magnitude, 
it appeared that little was to be gained by performing a 
second maneuver, especially in view of the risk attendant 
in performing any maneuver. Nevertheless, a more quanti- 
tative investigation was performed, with the results shown 
in Fig. 10 and Table 5. The criteria for determining the 
need for this maneuver were (1) how it affected the proba- 
bility of requiring only one trim and (2) its impact on the 
trim veloc'ity budget. The result of .ansidering (2) is 
presented in Fig. 10, where the trim velocity requirement 
is shown as a function of the post-insertion period, with 
and without the second maneuver. The discontinuity 
around 13 h is due to the fact that, at about this point, it 
would be desirable to allow periapsis to migrate com- 
pletely around the planet with the loss of one revolution 
rather than to force a direction reversal in periapsis timing 
to achieve synchronization. It is apparent that no appre- 
ciable reduction tn velocity requirements could be 
achieved by a second maneuver. 
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Tahir 5 indicatrs thr ( hangrs that would hr madr and 
the resulting; trim prohahilities if the second maneuver 
w<Te p<Tfomied Th<* diff(*r(*nce of 0.4 h in TRIAS (the 
diff(‘renet‘ in time hetw(*en llu' first post-insertion periap- 
sis and Goldston(‘ zenith) is due to the 25-min bias intro- 
duced at the first midconrse, and the different target 
pi’riods eomp(‘nsat(* for this bias. The total velocity 
reqnirt'ment is the same in either ease, since the savings 
for insertion and trims, if the correction is made exactly, 
efuiK identahy equals th(‘ magnitud(’ of the second maneu- 
ver. Tile trim probabilities are, for practical purposes, un- 
charged. Rased on these data and the risk factor men- 
tion(‘d abov(*, a decision was made not to perform the 
second maneuver. 

VII. Orbit Insertion Maneuver 

In the earlier discussion concerning the evolution of 
th<* maiHMiver strategy, mention was made of the fact 
that an orbital strategy had been developi*d which re- 
quired that the insertion be targeted to a juriod larger 
than the final desired value. The advantage of this is best 
described by explaining a graphical technique that was 
developed for analyzing and understanding this strategy. 
The ordinate of Fig. 11 is the difference between the time 
of periapsis and Goldstone zenith, and the absc issa is the 
number of revolutions the spacecraft has made in orbit. 
For convenience, the periapsis nearest insertion is defined 
as the zeroth periapsis; thus, the nth periapsis occurs after 
the nth revolution is completed. The Ik)X in the figure is 
l)ounded on the ordinate by the requirement that the final 
ix^riapsis of the synchronized orbit occur within the time 
period from Goldstone zenith to zenith plus 1 h, and a 
final synchronizing maneuver made near periapsis must 
be made within, or at least very close to, this time span. 
The abscissa indicates a Project-imposed constraint that 
all trim maneuvers be performed l>etween the fourth and 
I6th periapses. The one exception allowed is described in 
the next subsection. The time of periapsis is indicated for 
each even-numbered revolution, with a trim made at the 
sixth passage. Although the ordinate is defined only for 
integer values of the abscissa, lines are used on this type 
of figure for added clarity. A horizontal line indicates no 
change in passage time relative to Goldstone zenith with 
increasing revolutions, i.e., a synchronous period. Lines 
sloping upward to the right correspond to a less than 
synchronous period, and lir.^s sloping down represent 
greater period. To achieve a synchronous period with 
one trim maneuver, it is necessary that the line repre- 
senting the period achieved at insertion pass throuf^ the 
box in Fig. 11. Ihe a priori likelihood ^ the line inter- 
secting this box ranged from 24% when ras timing offset 


w;is introduced up to ,i maximum of 64Cc for a bias of 
.ibout 2.5 h (as shown in the figure), with a valm of 59*^ 
for the !)ias of 2.1 h aehievod as a result of not performing 
the set'oud inidcourse inaiuMiver. If no timing bias is 
pres(Mit, tlu* probability of needing no trims is less than 
b'; 

'riu‘ iM ar-enc’Ounler g<*om(‘try, including the k'arth and 
Sun directions, motor thrust direction, and relative orienta- 
tion ot the li\|'/erbola and ellipse, is shown in Fig. 12. 
A more d( tailed iu‘ar-eiieonnter sketch is prt’sented in 
Fig. 1.1 

The deliv( ac( uraey of the ]M)st-insertion ellipse is 
determined by tlu* e xecution errors as.soeiafed with the 
inst*rtion maneuver, and by the OD errors associated with 
( stimating the approach hyperbola. Figure 14 indicates 
the delivery statistics on period, periapsis altitude, eccen- 
tricity. and rotation based on the execution errors of 
Table 1, OD statistics on arrival time, and parametric in 
B-magnilude and the uncertainty in B. Sensitivity studies 
not shown indicated that, for values of greater than 
about 25 km, insertion deli\ ery' statistii's are determined 
almost entirely by how w(*ll B-magnitmle is known. 

For reasons of rc*liability, Project policy stipulated that 
the orbit insertion maneuver commands were to be loaded 
in the spacecraft at least 24 h before the maneuver was 
performed, and that these commands were not to be 
updatt*d subsec|iiently unless the trajectory estimate 
changed so drastically that it would not be possible to 
trim the post-MOI orbit to the final desired orbit with the 
propt*IIant remaining after execution of the MOI com- 
mands currently on board the spacecraft. This policy re- 
quinnl the maneuver calculations to be performed well 
before the spacecraft was close enough to the planet to 
allow the Mars gravitational attraction on the spacecraft 
to provide an accurate trajectory estimate. As a result, the 
B-magnitude uncertainty at the time of the maneuver cal- 
culatiom was aliout 100 km ( 1 <r). 

Table 6 shows the estimate of the approach trajectory 
at the time the maneuver was caknilated, at the last pos- 
sible time a change could have been made, and the final 
post-flight result. The errors shown are those which would 
result from apjdying the calculated maneuver to the later 
trajectory estimates. Figure 15 illustrates the expected 
trim situation by applying the calculated maneuver to the 
trajectory estimated at the last time the maneuver could 
have hero updated. Althou^ the nominal trim time was 
now on the fourth periapsis instead of the sixth, this was 
an acceptalde result, and the error s of Table 6 were small 



ii)mp«irt‘J to tiu' i'Xi>it tcd 1-u errors .dt(T insi rtion, there- 
fon‘, the deeision was nude to not updat(‘ the parameters. 

The orbital \ahies aehiev(‘d hy the insertion nianeuser 
are shown in T4ihle 7, together with th*' errors in delivery 
.ind their a priori statistics. The fact that the errors are 
nearly those prt'dicted based on the final hyperliola of 
Table 6 indicates that the spacecraft performance was 
near nominal. 

The estimated spacecraft performance in implementing 
tlu* insertion maneuver is shown in Table 8. It is important 
to note again that the estimates of the turns shown are 
equivalent turns, which account for all sources of pointing 
error, and not estimates of the turns that were actually 
IX'rformed. 

Viil. Trim Maneuvers 

A. First Trim Maneuver 

The objective of the trim maneuvers was to control the 
p<*riud and periapsis altitude of the pa< *craft orbit to 
within sp<*cified tolerances and * sati^^r constraints on 
the time of pt*riapsis passage. It wu.. .able to have the 
spacecraft make two revolutions around Mars for each 
pass of Mars over the Goldstone tracking station. With 
appropriate periapsis passage timing, this would allow a 
tape recorder load of pictuies to be taken on the nadir 
pass and played back early on the zenith pass. Another set 
would then be taken and played back during the zenith 
pass, leaving the tape recorder ready for the next picture- 
taking sequence on the nadir pass. This r(K)uirement was 
satisfied by synchronizing the orbit with the Goldstone 
view period such that every other periapsis passage would 
occur between Goldstone zenith and zenith plus 1 h. Alti* 
tude correcticiis were required only when the altitude was 
outside the 1200- to 1500-km range. 

The trim maneuver strategy was designed to attain 
the required objectives while satisfying the maneuver 
constraints discussed earlier. According to this strategy, a 
sequence of up to three orbit trim maneuvers was to be 
performed to remove planned parameter biases and the 
effects of OD and maneuver execution emars remaining 
after the insertion maneuver. The sequence of maneuvers 
and the planned parameter biases determined by the trim 
strategy are discussed below. 

The mis^on requhements were such dial only orbital 
period, periapsis passage time, and possibly the height at 
per ia psi s reqpired correction by orbit trims. As discussed 


prv\io\isK. tlu’ angle y ('<iniv.i!rntly. the argument 

of ptTiapsis was eontrolleil at insertion to an acceptable 
accuracy, .uul the inelination i of the orbit was adequately 
controlled by tlu* midconrse maneuv(*r. ('i\en C and i and 
the hyperholie approach geonu'try. the longitude of the 
ase(*nding node 1?, which w as uniquely d(*ti’rmim*d bas(‘d 
on a eoplanar insertion, was eoinplett*I\ satisbu tory. 

For the neei*ss<iry ]i.iranu*ter corrections, one, two, or 
three trims »nld hav(* been reqnin‘d. 

1. No /?,, -corrective sequences. The insertion maneuver 
was target(‘d for an orbit having h,, = 1350 km to maxi- 
mize the probability that no /i/,-eorr(*etive trims would be 
recpiired. The desired initial perapsis time and mean 
orbital periixl wan* eliosen to maximi/t* tlu* probability of 
I c( {Hiring only one trim maneuver at |x*riapsis to achieve 
the final orbit. If the initial p4*riajasis time .md period 
|)nKlneed a timing curve that int»*rsected the outlined box 
in Fig. 11, corresponding to a periapsis occurring satis- 
factorily over Goldstone, only one trim maneuver would 
be needed. 

.\ p<*riapsi.s time and period combination that missed 
the box would recjuire two |x»riod-changc trim maneuvers. 
These misses could be 

(1) To the left resulting from too large a periocl at 
insertion (pr€‘-in serf ion probability = 18^). 

(2) To the right resulting from too small a period (pre- 
MOl probability = IH%). 

The expected jxjst -insertion errors for periapsis time 
(i», ^ 0.25 min) were much less than the expected post- 
insertion period dispersions. Therefore, n computing trim 
probabilities, the ‘*zeroth** periapsis time dispersions were 
ignored. The initial period was assumed to be a normal 
random variable. 

2. Whh A|^>corrective saquences. If the post-insertion 
height at periapsis had been greater than 1500 km, it 
would have been necessary to correct It down to 1500 km, 
and if less than 1200 km, up to 1200 km. Hence, it was ne- 
cessary to consider those cases in which correction of this 
parameter was required 

Whereas the period-diange maneuvers discussed above 
are most efficiently made at periapsis, H is impossible to 
correct by a maneuver at this location. In fact, the 
most efficient location for correcting A, is at apoapsis* 



Th<' inaiKMivn st’(in('nc(‘ selrctccl to nu'ot the hj. re<nnn'- 
m(*nt consisted of one* or two (as nec’ded) period-chanj^#' 
inanen\<Ts. followed hy an h,. correction at the 19th 
apoapsis p.issaiic* after ins(*rtion. This situation w. the 
on<- exception allowed to the constraint that all trims he 
performed hy the* 16th resolution. The p< riapsis manen- 
>t‘rs in tliis s^cjnenc'c are thc‘ same’ as those* discussed 
above*, exc<‘])t that it is necessars to anticipate* the* clian^e* 
in pt*riod < anse*d h\ corre'ctinn /i,,. This nneke s it nc'e e's- 
s.»r\ to introduce* a hias in the* phase time* with re'spect to 
(ioldstoiu* /enith (*\p<*rie*nce*d at and in the orl>ital 
period. The* final trim maneuver at the* !9th apoapsis iv 
the*n (*\ccnte*d to simuIt..neously correct hj„ corrc'ct the 
orbital pcrienl to 1 1 9H0 h, and adpist the phase time* to 
within the* acce*ptahle* int(*rval. 

As me*ntioncd above, the ne*c(*ssary corrections to 
«u'hi(‘ve* the final orbit could have required one*, two, or 
thre’c e>rbital trims. Figure 16 shows the* number of orbital 
trims that would have* be*e*n ree|uire*d as a function of 
po*;t-in.se*rtion period and fi,,. It should be nott'd that 
re’gions of higli period anel le)w h„ elispe rsions (and vice 
versa) in Fig. 16 arc e)f no concern be*cause of tlie high 
correlation betw'e*e*n the* post -insertion periexl and hp. 

Figure 16 also indicates total velex ity cost cont ours for 
the trim maneuver sequence. For example, if the post- 
MO! |XTtod and hp values had been 12.6 h and 1590 k 
respectively, them 30 m/s would have lH*en neede*d ‘o 
execute a three-maneuver sequence. The determination of 
the probability that only one trim maneuver would be re- 
quired for given predicted or estimated values of period, 
hp, and aKp was made as follows. It was assumed that 
the post-insertion period and hp had a positive unit corre- 
lation. Hence, the set of possible p(*riod and hp values lie 
along a line in period vs hp space. A transparent cerlay, 
consisting of a line with slope 100 km/0.407 h * 245.7 
km/h, determined from a knowledge of the .sensitivities of 
period anri altitude with respect to B errors, was con- 
structed. TU tverlay was superimposed on Fig. 16 to 
determine the |K*riod values at the points of intersection 
of this line w ith the boundary lines in tlie figure. For the 
line shown in the figure, the probability of requiring only 
one trim is equal to the probability tliat the period (a 
normal random variable) would fall between 12.11 and 
12.75 h. The probabilities of requiring two or three trims 
were determined in a similar r anner. 

The probability of requiring only one trim at or Pt, 
was determined by integrating the probability density' 
over the interval for whidi one such trim could be per- 
formed. For a time of perfapsis passage ai f. of 2.1 h 


hcloic ( ioldstoiic /<*inth, one trim (<uild be pcrform<*(l at 
P. it 12 ”1 jvrifvl ' 12 76 h or one could be p<*r- 

lorm(*d at V, it 12 33 - period 12. 19 b. 

\n important operational consider.ition was tin* ne<*d to 
use tin* latest (>D soliiti(M. to calculate* the man(*nv(*r 
()aramct<Ts. .\ft(*r the* space*( raft was inse‘rte*d inte) enbit, 
tracking d.ita \ve*re* preHe’sst*d te*> pre*dict the eirbita) 
parame*te*rs .it tin* time* e.. le* trim mancuv<*r. Tin* tedlcct- 
ing anel preuessing of tr.icking data was re> continue 
diu'ing, ;;nd snbsi*epunt te>, the* calculation e)f the trim 
mancuve*r. He nce*, it was (‘xpcctcd that the* space*craft 
orbit e*stimate* would be* updated aftci the time when a 
mancnvci had to be* \o ded into the spacecraft onboard 
ceimpulcr. The* desired pe*rie)d corr(*ction for achieving a 
Ce)ldstonc-syiK’hrone)us orbit might the»re*fore» change 
suhse*qin*nt to maiu*nv(*r loading. 

It was important to use the updated OD solution be- 
tause it diel not reepiire predicting as far ahead to the 
maneuve r ‘ime as the original solution. Predicting far 
ahe*ad could result in significant OD errors because of 
the* lai^v* uncertaint)' in the Mars gravity field as it was 
then kne)\vn. 

In loading the . maneuver into the spacecraft, three 
maiuMiver par.une'ters (the* velocity magnitude, the roll 
turn, and the yaw turn) had to be* specified well in 
advance of implememung the maneuver. The maneuver 
se*( (lienee* was then started by receipt of a ground com- 
mand (IXI-52). Hence*, the capability to !ncri*ase or de- 
c-rease* the periexl change resulting from the trim, ba,«ed 
on updat(*d orbit e*stimates, had to be achieved by adjust- 
ing only the maneuver start time. However, because a 
IHTiixl c*orrettion can most efficiently be performed at 
|x*riapsts, adjusting the start time of a maneuver designed 
for periapsis can only decrease the resulting period 
change. 'Hierefore, it was deckled that the maneuver 
would be computed for a point near, but not at, periapsis. 
It was determined parametrically that the point 20 min 
prior to the desired periapsis would give sufficient flexi- 
bility to update the required period change without 
paying a significant velocity penalty for performing the 
maneuver away from pc. 'ipsis. 

The capability to change the orbit :il period by merely 
adjusting the maneuver sequence start time (equivalently, 
the ignition time) is illustrated in Fig, 17. For a velocity 
increment of 16 m/s and fixed spacecraft orientation, it 
was possible to decrease the ftriod by about lA min, or 
to inrrease it by up to 3.5 min. Figure 17 also shows that 
there are two ignition times corresponding to a desired 



ptMiuil chan^t'. This fact provided a backup capability 
becauH- it was possible to send a command for the motor 
to ignite at the second point if it had not already done so 
at the first. The effect of early or late motor ignition is 
shown in Fig. 18. 

Finally, the knowledge of the sensitivity of the orbital 
parameters to maneuver parameters, shown in Figs. 19 to 
22, was used to demonstrate that performing the maneu- 
vei 20 min before periapsis passage would not produ c 
\inacceptable values for other parameters (/i,„ o>, t, and Q). 
Therefore, the point 20 min before periapsis passage was 
selected for the optimum maneuver ignition time. The 
information presented in Figs. 19 to 22 also proved useful 
in other situa^^ions while the trim strategy was being de- 
\e^ led and studied. Tl*e velocity coordinate system used 
in ihese figures is defined in Fig. 23. 

Very precise period control was achieved by using the 
ground-based maneuver-start command. The period was 
the main orbit parameter of interest because period errors 
would accumulate in periapsis timing errors. Motor igni- 
tion for the first trim maneuver occurred on November 16, 
1971, at 02:36:53 CMT at the spacecraft, with a burn 
duration of 6.25 s. The commanded velocity correction 
was 15.25 m/s, corresponding to a discrete pulse count of 
506. The spacecraft turns required to achieve the poiming 
for implementing the computed velocity vector were a roll 
of 34.49 deg and a yaw of 128.76 deg. These turns were 
quantized to a commandable roll turn of 34.443 deg and 
a commandable yaw turn of 128.732 deg. The maneuver 
performance for the first trim is summarized in Tables 9 
and 10. The maneuver parameters are presented in 
Table 9, which gives the commanded values and estimates 
of the actual values for each parameter, together with 
associated errors and statistics. The achieved orbit ele- 
ments are shown in Table 10, together with associated 
errors and statistics. 

The aciual maneuver parameters were estimated by re- 
constructing the maneuver from the best OD estimates of 
the pre-maneuver and post-maneuver orbits. The OD esti- 
mates were computed some time after the performance of 
the maneuver, utilizing the best data and model available. 
Again, turn estimates are to be interpreted as equivalent 
turns accounting for the total pointing error. 

OD data indicate that the important orbital parameter, 
the period, was achieved to within 1 s of the desired value 
(Table 10), This precision was produced by adjusting the 
maneuver start time by a ground-based command, as 
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descril)ccl abo\e. OD data up to a few' hours before the 
maneuver were utilized in computing this updated start 
c\ mmand, which was sent exactly 1 min earlier than the 
value previously planned This 1-min adjustment was 
required to produce about a 15-s change in the period 
correction ^see Fjg. 17). 

B. Second Trim Maneuver 

The delivery accuracy of the first trim maneuver was 
very good, as shown in Table 10, and w'as well within the 
mission requirement. Normally, the objective of pei form- 
ing only one trim maneuver would have been satisfied. 
How’ever, as the mission progressed, it became apparent 
that a second maneuver would be needed because (1/ the 
presence of a dust storm made it necessary to extend the 
planned 90-day orbital mapping mission, and (2) the un- 
expected nature of tlie Mars gravity field caused the 
period of the orbit to behave in a sinusoidal manner, with 
a rr»^an period 25 s smaller than the desired synchronous 
period. As a result, the periapsis time was moving through 
the Goldstone view period and would have been well out 
of the required time zone before the end of the now- 
extended mi.s.sion. 

Based on data obtained in the first part of the mission 
and on the fact that a second trim was required an>Avay, 
the science team decided to raise periapsis altitude to 
1650 km. The most efficient technique, in term.s of AV 
expenditure, for adjusting both period and periapsis alti- 
tude is to perform two maneuvers, each parallel to the 
local spacecraft velocity, one at periapsis and one at 
apoapsis. The apoapsis maneuver corrects the altitude and 
will change the period. The second maneuver at periapsis 
then adjusts to the desired period. With this technique, 
the corrections planned for the second trim would have 
required about 22 m/s. An alteniative method was to 
perform a single correction at either of the two points of 
intersection of the current and the desired orbit, which 
would require a velocity change of about 42 m/s. Because 
of the standard pertonuance throughout the mission, there 
was ample aV capability remaining at this point. There- 
fore, a decision was made to use the single-impulse option 
for reliability reasons. 

An analysis of the geometry involved indicated that the 
maneuver would have to be performed at the second 
intersection (true anomaly > 180 deg) to provide for 
communications. By adding a small out-of-plane com 
ponent to the maneuver and rotating the target orbit 
slightly, it was possible to align the axis of the medium- 
gain antenna along the spacecraft-to-Earth direction for 
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(‘XCfllent comiiumitatioiis. Tlu' strata ‘gy employed for uiis 
maneuver is bt‘st ex[)lumed 1>\ noting that in-plane per- 
pendicular and eolm.ar components of the maneaver 
velocity relative to the* local spacecraft velocity map 
ind(*pendently to altitude and period changes, respec- 
tively. Further, since the* desired changes were about 
250 km ill altitude and 79 s in perio^l, tlie maneuver would 
be, 1 ‘ssentially, all in the perpendicular direction. Accord- 
ingly, the maneuvcT was designed so that the in(‘rtial 
spacecraft orientation would both align the medium- 
gain antenna with Earth and orient the spacecraft 
thrust vector perpendicular to the local velocity at the 
int(Tsection of the pre- and post-trim orbits. Thus, 
small variations in the ignition time, allowing the local 
velocity tc rotate, would give the required projection of 
the correction ‘locity onto the local spacecraft velocity 
for the desired period correction. By incorporating last- 
minute CD data in the calculations of the ignition time 
and using the ground command capability, this technique 
resulted in very good delivery accuracy. The geometry of 
the second trim, and its effects and implemei tation are 
shown in Fig. 24. Tables 11 and 12 indicate spacecraft 
performance and delivery accuracy, respectively, for the 
.second trim. 


By mid-March ot 1972, the planned mapping mission 
was completed, and the spacecraft was still performing 
essentially as planned. However, by this time, the Earth- 
Mars-Sun alignment had changed to the point that the 
high-gain anteniia could no longer transmit data tc Earth 
while the spacecraft was Sun-oriented; furthermore, the 
instruments could no longer view Mars with Canopus 
used for the spacecraft roll reference. The latter problem 
was solved by using, at various times, the stars Vega, 
Arcturus, and Canopus as the roll reference. To extend the 
mission data return after mid-March, spacecraft turns 
were performed to align the antenna axis to Earth to 
play back the data now made available by the different 
roll reference. One or the other of two turn sequences, 
either a rolEyavv or yaw-roll, would have been able to 
give the desired orientation. However, a constraint on the 
turns that could be performed was the need not to tum 
the solar panels too far off the Sun, which would cause 
the spacecraft to draw too much energy from the battery. 
By using a roll-yaw-roll turn sequence to minimize the 
required magnitude of the yaw turn, or equivalently, the 
angle of the panels off the Sun, satisfactory spacecraft 
orientations could be found. This technique was used 
13 times between March 23 and October 17 to permit data 
playback. Thus, the useful mission duration was extended 
by about 7 months. 
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IX. Contingency Insertion Planning 

To sutrcssfully implement the insertion maneuver, it 
was nec(‘ssary to transmit the maneuver parameters to the 
spaceeraft from the ground. .\n unlikely hut possible 
failim* mode of tlie spacecraft could make it impossible to 
transmit such C'ommands at soiru^ time during the mission. 
To ensure the maximum probability of placing the space- 
(laft in. orbit. tlu‘ decision was made to load a set of 
insertion mammv(‘r commands in the spac (‘craft soon after 
(he first niidcoiirse maneuver. These commands could be 
u]>dated as required when the trajectory estimate changed 
or suhse(juent maneuvers were performed. It command 
capability were then lost, the loaded maneuver would 
acc omplish an insertion— though perhaps significantly dif- 
tcTent than d c\s i red— f **0111 which *\e mission could be 
salvaged if command capability were later restored. 
Tabic 13 indicatc's the maneuver commands that v.^ere first 
loaded and (he time history of their updates. Because 
command capability was not lost, this contingency plan 
was not used. 

The implications of the planetary quarantine :;on- 
straint on loading a maneuver in the spacecraft motivated 
a study to ensure that this constraint was indeed satisfied. 
Thn^e possible failure modes during cruise which could 
h‘ad to possible impact were identified as (1) motor igni- 
tion while the spacecraft was in the cruise attitude, 
(2) motor ignition after performance of the commanded 
tiirns, and (3) motor igniiion with the spacecraft in any 
random orientation. Each of these modes could be further 
subdivided into cases wherein the stored aV magnitude 
was implemented and in which the fuel was burned to 
depletion. However, these distinctions proved unnecessary 
because the computed aV magnitude was greater than 
95% of the remaining capability. The three failure mode 
cases defined are discussed individually below: 

(1) Case L It was determined that a motor ignition at 
any ti.ne from the first midcourse to encounter with 
the spacecraft in the cruise attitude would not re- 
sult in an impact trajectory. 

(2) Case 2, There existed a small region near encounter 
where an impact trajectory would have resulted if 
the loaded turns had been implemented and the 
motor ignu?d. Very few quantitative data were 
available on the probability of such an event occur- 
ring prematurely, and estimates provided by the 
Spacecraft Team ranged from the most pessimistic 
of 10 ^ down to ‘'impossible^ Assuming that the 
occurrence of such an event was equally likely at 
any time after the commands were loaded until 
encounter, the probability of its taking place within 
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the time span in which an impact would occur 
times 10 ^ gave a fin il impact worst case prob- 
ability well below that allocated to insertion. 

(3) C(Kse 3. From the first maneuver time until about 
10 dajiS before encounter, a premature burn would 
have required a specific pointing direction with 
tight tolerances to achieve an impact trajectory. By 
dividing the area that this pointing cone traces out 
on a unit sphere by 2tt steradians, the probability 
is shown to be well below the constraint level, 
without any allowance for the likelihood of such an 
ew>nt occurring. Near encounter, two pointing 
directions can lead to impact. A aV applied nearly 


along the spacecraft v^docity can deflect the space- 
craft into the planet, and a aV approximately along 
the negative spacecraft velocity will slow the space- 
craft, thus increasing the capture area and leading 
to impact. Figure 25 indicates the pointing direc- 
tions relative to the incoming asymptote that would 
cause impact, and Fig. 26 illustrates the probability 
of achieving these pointing directions, assuming the 
pointing to be uniformly distributed over a sphere. 
By multiplying these probabilities by the likelihood 
of a random orientation and motor ignition occur- 
ring, conservatively estimated at 10'\ the resulting 
probabilities are found to be well below the con 
straint level. 
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Table 1. Maneuver-execution error statistics. 3 0 


Table 2. loeal and commandable turns 



Midcourse 

Insertion 

Trim 

Turn 

Comr indable 

Ideal 

Commandable 

Proportional magnitude, % 

0.15 

0.13 

0.12 

Roll, deg 

- 140.^:87 

- 140.88 

-140.806 

Fixed magnitude, m/s 

0.1 

0.84 

0.1 

Yaw, deg 

^4^.90'' 

-44.79 

-44.725 


Pointing, mrad 23.8 20.2 22.8 


Table 3. Interplanetary delivery results 



Target 

Achieved 

Error 

A priori 

1 /T " 

Ratio of error 
to 0 

B-direction 

8200 km 

8261 km 

61 km 

lOO km 

0.2 

Inclination 

65 deg 

64.23 deg 

0.77 deg 

3 deg 

0.3 

Time of closest 

11/14 

11/14 

2 min, 9 s 

7.5 min 

0.3 

approach 

00:29:00 

00:31:09 




•Based on one-maneuver statistics. 


Table 4. First midcourse maneuver performance 


Maneuver 

parameter 

Estimated 
actual value 

Command value 

Error 

A priori 
1 a 

Ratio of error 
to 0 

Roll turn 

-140.717 deg 

-140.806 deg 

-0.089 deg 

0.289 deg 

0.31 

Yaw turn 

-44.725 deg 

-44.628 deg 

0.097 deg 

0.289 deg 

0.34 

^V 

6.723 m/s 

6.731 m/s 

0.008 m/s 

0.036 m/s 

0 22 


Table 5« Second mfdcourse maneuver tradeoffs 


Table 6. Pre-insertion 00 results amJ predicted errors 


Parameter 

Without midcourse 

With midcuune 

maneuver 2 

maneuver 2 

TB1AS(T, -r.J.h 

0 M 

-2.1 

-2.5 

MOI* target period, h 

12.43 

12.50 

AV total 99^ high, m/s 

1661.0 

1661.0 

Rotation angle ± 3 e, deg 

140.0 ±2.4 

140.0 ±2.4 

Inclination ±3 emc, deg 

64.3 ±2.7 

65.0 ±2.7 

Trim probabilities, % 

One trim 

59 

63 

One P6 trim 

15 

15 

Two trims 

29 

30 

Three trims 

12 

7 

•Man orbit imertioos 



Calculation 

Decision 

Final 

Results 

B,km 

8209 

8235 

8261 

Inclination, deg 

63.87 

64.02 

64.23 

Time of closest 
approach, GMT 

00:31:07 

00:31:03 

00:31:09 

Predicted errors 

SP,min:s 


7:24 

14:o2 

km 


21 

40 

deg 


-0.1 

-0.1 
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Table 7. Insertion results 



Target 

Achieved 

Error 

A priori 
1 9 

Ratio of error 
to 9 

Period 

1 2 h 25 min 

1 2 h .24 min 

9 min 

17 min 

0 53 


1350 km 

1398 km 

48 km 

69 km 

0.69 

V’ 

140.0 deg 

139.7 deg 

-0.3 deg 

0.6 

0.5 

Inclination 

64 3 

64.36 deg 

0.26 deg 

0.8 deg 

0.33 


Table 8. inse.t' ^n penormance 


Maneuver 

parameter 

Estimated 
actual value 

Commanded 

value 

Enor 

Apriori 
1 c 

Ratio of error 
to 9 

Roll turn 

42.591 deg 

42.765 deg 

-0.174 deg 

0.273 deg 

0.037 

Yaw turn 

125.220 deg 

124.898 deg 

0.322 deg 

0.273 deg 

1.18 

AV 

1600.647 m/s 

1600.50 m/s 

0.147 m/s 

0.733 m/s 

0.201 

T.,„GMT 

318.00:17:39 

318,00:17:39 

j 

- 

- 


TaMa 9. First trim parformancs 

Maneuver 

parameter 

Estimated 
actual value 

Commanded 

value 

Error 

A priori 
1 9 

Ratio of error 
toe 

Roll turn 

34.462 deg 

34.443 deg 

0.019 deg 

0.285 deg 

0.067 

Yaw turn 

128.807 deg 

128.732 deg 

0.075 deg 

0.285 deg 

0.263 

AV 

15.26 m/s 

15.25 m/s 

0.01 m/s 

0.038 m/s 

0.263 


320,02:36:53 

320,02:36:53 

0 

- 

- 


Tabi# 10. nril trim results 



Target 

Achieved 

Error 

A prioH 

la 

Ratio of error 

to # 

Period 

Ilh58min48t 

Uh4Smin49s 

Is 

3.5 s 

OM 


1387 km 

1387 km 


0.3 km 

M) 

* 

140.3 deg 

140.3 deg 

Ml 

0.03 dag 

M) 

Inclination 

64.37 deg 

34.37 deg 

M) 

0.03 deg 

M) 














Table 11. Second trim performance 


Maneuvpi^ 

parameter 

Estimated 
* actual value 

Commanded 

value 

Error 

A priori 
1 a 

Ratio of error 
to a 

Roll turn 

.13.746 deg 

32.996 deg 

0,750 dcR 

O.liHS deg 

2.63 

Yiiw turn 

118.730 deg 

.18.255 deg 

0,475 deg 

0,285 deg 

1.67 

AV 

41.92.5 m/s 

41.81 m/s 

0.11^ m/s 

0.041 m/s 

980 

T’^.n.GMT 

364, 21:48:59 

.364, 21:48;, 59 

0 

- 

- 


Table 12. Second trim reautti 



Target 

Achieved 

Error 

A pHofi 
1 0 

Ratio of error 
to a 

Pericd 

1 1 h 58 min 58 s 11 h 58 min 52 s 

-6 s 

13.2 s 

0.45 

K 

1650 km 

1&50 km 

-^0 

0.3 km 

-0 

<u 

-♦26.09 deg 

-26.02 dfg 

0.07 deg 

0.1 deg 

0.7 

Inclination 

64.43 deg 

64.40 deg 

-0.03 deg 

0.1 deg 

0.3 

Table 13. Contingency Insertion maneuver data 

Parameten 


Original insertion 
maneuver commands 

First update 


Second update 

Trajectory estimate 






Approximate date 


Mid-’June 

Mid-July 


Early October 

B*R, km 


6011.4 

6064.8 


6081.5 

B *7.100 


564S.0 

5640.3 


5621.4 

B.hn 


8245.0 

8282.2 


8281.6 

Time of closest approach* (GMT), 
Nov. 14. Oh, min:s 

30:58.4 

30:55.8 


31; 16.4 

Maneuver parameters 






Roll turn, deg 


41.32 

No change 


No change 

Yaw turn, deg 


125.57 

No change 


No change 

AV, m/s 


1617.13 

1621.64 


No change 

Tu*> (CMT), Nov. 14, 0 h. mia:t 

14:41.4 

15:11.1 


1S;24.0 
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Fig. 10. dV trim 
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Trajectory Description 

W. A. Webb 


i. Launch Phase 

The Mariner 9 spacecraft was launched by an Atlas/ 
Centaur launch vehicle (AC-23) on a direct-ascent tra- 
jectory from the Air Force Eastern Test Range (AFETR) 
launch complex 38B on May 30, 1971. Liftoff occurred at 
22 h 23 min 04,5 s GMT, slightly more than 6 min after 
the opening of a 60-min launch window. The vehicle rose 
vertically for approximately 15 s, during which time, a 
programmed roll to a launch azimuth of 92.74 deg was 
performed. After the initial vertical rise, the vehicle, 
guided by the open-loop Atlas autopilot, began to pitch 
over into a zero-lift trajectory. The first of three main 
powered phases was terminated by booster engine cutoff 
(BECO) at 22 h 25 min 35.5 s. After the Atlas booster 
engine package was jettisoned 3 s later, the flight con- 
tinued under the power of the Atlas sustainer engine and 
guided by the Centaur guidance system operathig in a 
closed-loop mode. 

Because of an unusual launch geometry situation for 
the Mariner Mars 1971 (MM71) launch opportunity, it 
was possible to hold the launch azimuth constant during 
each daily launch window. However, a small yaw **dog- 
leg“ maneuver had to be performed so that the vehicle 
would attain the correct departure direction. At BECO 


-1-8 s, a launch-time-dependent yaw command was issued. 
The magnitude of the yaw maneuvers was measured in 
yaw index units. A unit positive value of yaw index indi- 
cated a main engine cutoff (MECO) position 56,69 km 
(186,000 ft) to the right (looking downrange) of a typical 
nonyawed (planar) trajectory. The yaw index for the 
Mariner 9 launch was —0.34. 

After rising above a significant portion of the atmo- 
sphere, the Centaur insulation panels and nose fairing, 
which protected the vehicle during ascent, were jettisoned 
at 22 h 26 min 20.5 s and 22 h 27 min 02.6 s, respectively. 
The Atlas sustainer phase was ended normally by pro- 
pellant depletion at sustainer engine cutoff (SECO) at 
22 h 27 min 07.5 s. The Atlas sustainer stage was separated 
from the Centaur at 22 h 27 min 10.5 s. 

After a 10.7-s coast, the main engines of the Centaur 
were ignited at 22 h 27 min 21.2 s. At main engine start 
+4 s, the guidance steering loop, which was interrupted 
at SECO, was again closed. No additional yaw maneuvers 
were performed during this phase. Centaur MECO was 
commanded by the Centaur guidance system at 22 h 
34 min 46.9 s. Centaur MECO occurred at 702.4 s after 
liftoff. 
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Alter MKCX), llie Ontaur giuthiiKr s\ stein initiated a 
tnnnini maneuver to hrinu tlv oniele into alipnm*nt 
with tlu* predeti'rmined sc'parat. direction. A sprins 
deflei tion parated the spaceeiatt from tlu' Centaur at 
22 h 30 min 22.0 s, and Mariner 9 \\as injt'cted into a 
Mars transfer traj(»ctor\. Lamuh phasi* c\ent tinn s are 
snmnuri/«‘(l in Table 1. The current best c.slimates of the 
spaceiratt's i;**ocentrie orbital eli'inents at inji'ction are 
pi(‘s('nt(‘d in Tabli' 2. 

Sliortb before s('paration from the (Centaur, at 22 h 
35 min 47.5 s, \fariner 9 entered the shadow of the Earth. 
Sol.ir pane^ dt*ployment was completed at 22 h 42 min 
02,9 s. and tlu* spacecraft began Sun accptisition at 23 h 
OS min 40.0 s, when it exited the Earth’s shadow. Sun 
ac({uisition was achie\ (»d at 23 h 15 min 59.8 s. At this 
time, spacecraft power was being supplied entirely l>y 
the solar panels. 

Upon acquiring the Sun, the spacecraft was fully stabil- 
ized in pitch and yaw aiul was drifting without a refer- 
ence for the roll axis. The searcli for Canopus, the roll- 
reference star, was initiated by ttirning on tbe Canopus 
sen.sor. On the first roll, Achernar was acquired instead 
of Canopus, as expected. A ground command was trans- 
mitted to disacqiiire Achernar and continue the se arch for 
Canopus. At 02 h 25 min 10.2 s on May 31, 1971, Canopus 
w as acquired. 


II. Interplanetary Cruise Phase 

Approximately 24 h after launch, on May 31, 1971, at 
22 h 31 min 01.0 s, the scan platform, on which the science 
instrumeiits were mounted, was unlatched from its stowed 
position. The unlatching involved the releasing of com- 
pressed nitrogen, and the resulting velocity vector change 
slightly altered the spacecraft trajectory. 

Several hours after scan unlatch, u propulsion system 
engine vent sequence was initiated. At 01 h 28 min 29.3 s, 
on June 1, 1971, the main engine valve of the propulsion 
system was opened for 2 s to allow undesired gases 
trapped u|)stream of the valve to escape to the vacuum 
of space. The spacecraft trajectory was again slightly 
changed. The best estimates of the post-engine- vent geo- 
centric orbital elements of the trajectory are presented in 
Table 3, 

A. Aiming Point 

The aiming point at Mars is typically defined by the 
polar coordinates B and $ in the aiming plane. The aim- 


ing plant* in the areoct'iiti ic plane normal to the incoming 
asMnpttUi* oi tlu* approaeh hvperbt^a. I'lu* parameter B is 
tlu* miss tlistaiu i*, and the angle H speeifies its orientation 
in tlu* aiming j^lane. Tlie aiming plant* coordinate system 
is depicted in Fig. 1. 

Tile hnmth aiming pt>int was biased farther from tlu* 
planet than tbe final retiuired aetnal aiming point to 
salislv plaiu‘tar\ tpiarantint* and other requirements. Tlu* 
partienlar biasing tlireetion chosen was dictated by spacc- 
tiafl and propulsion .system constraints and a desire to 
minimi/e tbe post-inideourse trajectory dispersions, as 
was discussed m tlu* preted ing section, wliich W'ould 
rt'snlt from injection errt>rs. Tlu* bias was then removed 
by tbe mid-t tnirse maneuver. 

Tlu* spt*eifit*d injection aiming point selected for the 
Mariner 9 spaeeerafl was R = 25,072.0 km and R* T = 
35,596.0 km. The selected closest approach time was 23 h 
33 min 00.0 s t)u November 14, 1971. The actual injection 
aiming i>oiiit achieved was B*R = 19,869.5 km and 
B*T = 26,3vS9.4 km. Without a inidcourse maneuver, the 
closest approach time would have been 19 h 37 min 11.7 s 
on Ntnember 14. 1971, Figure 1 show^s that the Atlas/ 
Centaur launch vehicle would have delivered Mariner 9 
only 10,600 km (wtII within specified tolerance) from the 
specified injection aiming jioint. 

B. Midcourse Maneuver 

The midcourse correction maneuver was performed 6 
days after launch on June 5, 1971, to remove the injection 
aiming ix)int bias and to deliver the spacecraft to the 
proix'r aiming |X)int for insertion into orbit about Mars. 
The aiming point, determined by the desired orbit about 
Mars and the orbit iasertion criteria, was B«R = 6106.4 
km, B«T = 5472.9 km. The selected time of closest ap- 
proach was 0 h 28 min 58.6 s on November 14, 1971. 

The engine was ignited at 00 h 22 min 06.0 s for a 5.1-s 
motor bum to provide a aV of 6.723 m/s. The resultant 
change in the spacecraft trajectory is illustrated by a 
comparison of aiming point coordinates: B*R was now 
6085.9 km, B«T was 5587.5, and closest approach time 
was 00 h 31 min 8.554 s on November 14, 1971. The 
ac'curacy of the maneuver was better than 0.5 <r based 
upon a priori statistical estimates, sufficient to eliminate 
the need for a planned second midcoune maneuver, 
which would have been performed about a month before 
encounter. Figure 1 shows a comparison of the desired 
and actual injection and post-midoourse aiming points. 
The best estimates of the post-midcourse heliooentric 
orbital elements are given in Table 4. 
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Aft(‘r IcMvinn {\w \ iiinily of the Karth, Mariner 9 moved 
alonn an approxim^ileK’ elliptical path about the Sun until 
It reached the vicinity of Mars. Initially, the spacecraft 
moved ahcnul of the Earth along its orbit towaid Mars but 
gradually slowed and was passed by the Earth. The helio- 
centric central transfer angle was 129.12 dt‘g (Type I 
lrajector\ ). and the flight time was 168 da>'S. 

.\ projection of the transfer trajectory in the ecliptic 
plane is shown in F'ig. 2. Figures 3 to 5 show several perti- 
nent characteristics <^f the transfer trajectory presented as 
a function of calendar date. The parameters presented are 
ct‘lestial latitiuh' and longitude, and the geix'entric, helio- 
cc'ntric, and areocentric range to the spacecraft. 


III. Encounter Phase 

On November 8, 1971, Mariner 9 was only 2 million kin 
from Mars and proceeding toward an encounter with the 
“red** planet with an areocentric sp(»ed of about 3.2 km/s. 
During the m‘ar-encounter phase, the spacecraft trajec- 
tory may be characterized hv a hyperbola with the (*enter 
of Mars located at the focus. Tlie approach direction at 
Mars may be s[X'cified by the vectorial difference between 
the heliocentric velocity of Mars ::nd the heliocentric 
veUx'ity of the spacecraft near encounter. As Mariner 9 
approached Mars along the incoming asymptote, the Sun 
was appro.ximately 70 deg behind and to the right, and 
the Earth approximately 25 deg behind and to the same 
side. The near-encounter geometry for the Mariner 9 
trajectory is illustrated in Fig. 6. The best estimates of the 
art*ocentric orbital elements of the near-encounter trajec- 
tory are presented in Table 5. 

On November 10, 1971, with Mars .still over 1 million 
km away, the spacecraft onboard computer initiated the 


til si ot three preprogrameied science sequences, which 
wi'it' scIuhIuKhI to be performed before insertion into 
orbit about Mars. Tlusi' seipienccs included wide- and 
narrow-angle TV pictures and spectral data from the 
nllravioK't spectromc*t<‘r (UVS\ the infrarc‘d interferom- 
eter spc'ctronieter (IHIS), and the infrared radiometer 
instruments, which weie mounted on the scan 
platform. 

During pre-orbit science se(|uenee 1 (POS-1), 25 
narrow-angle T\* pictures of the full Martian disk were 
lake’ll on 62-min eeiiters. Five* narrow-angle pictures of 
the satellite Deimos were taken by ground command from 
the Fartb. All of these pic tures, plus spec'tral data, were 
recorded on the tape* recorder aboard the spacecraft and 
transmittc’d back to Earth via the Goldslone 64-m-diameter 
anlc nna. On November 12 and 13, 1971, the next science 
secpiencc’ (POS-2) was taken. This sequence was similar to 
POS-l, with 24 pictures of Mars and 6 of Deimos, As the 
pictures from the first two sequences were received, it 
iH^camc clear that, unfortunately, the surface of Mars was 
obsc ured by a ma.ssive atmospheric storm. 

The final setjiience (POS-3) consisted of 23 wide- and 
narrow -angle pictures of portions of Mars taken at 2-h 
intervals designed to produce a mosaic of most of the 
planet. Five more pictures of Deimos and two of Phobos 
w c’rc also obtained. These pictures and spectral data were 
rcairded to be played back to Earth after orbit insertion. 

On November 14, 1971, Mariner 9 was maneuvered (roll 
and yaw) to the correct attitude, and at 00 h 24 min 22.0 s, 
the main engine valve was opened, causing the hypergolic 
proix^Ilants to ignite for a planned burn of over 15 min. 
This motor burn produced a velocity vector change of 
approximately 1600 m/s, slowing the sixicecraft and plac- 
ing it into the proi>er orbit about Mars. 
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Table 1. Mariner 9 launch caquence of events 


Table 3. Post-englne*vent geocentric orbital alaments 


Event 

Time from liftoff, s 

Orbital element 

Best estimate 

Liftoffs 

0 

Periapsis radius, km 

6,532.8 

Cut off Atlas booster engine 

151.0 

Semimajor axis, km 

-43,495.8 

Jettison Atlas booster engines 

154.0 

Eccentricity 

1.1502 

Jettison Centaur insulation panels 

196.0 

Inclination*, deg 

28.80 

Jettison Centaur nose fairing 

238.1 

Argument of periapsis*. deg 

127.63 

Cut off Atlas sustainer and vernier engine 

243.0 

Longitude of ascending node*, deg 

45.20 

Separate Centaur stage from Atlas 

216.0 

Time of periapsis passage. GMT 

May 30. 1971, 

Start Centaur main engine 

256.7 


22 h 35 min 02.87 s 

Cut off Centaur main engine 

702.4 

“With respect to the Earth true equator and equinox of date. 

Separate Centaur/spacecraft 

798.1 



Begin Centaur tank reorientation 

1258.3 



Begin Centaur retro thrust 

1353.3 

Table 4. Poat-midcourae heliocentric orbHel elements 

End Centaur retro thrust 

1373.3 



Start tank blowdown 

1702.6 

Orbital element 

Best estimate 

End tank blowdown> energize power 


■ ■ — 


changeover 

1953.6 

Periapsis radius, 10*'* km 

150.83 



Senumajor axis, 10^ km 

186.80 

«At 22 h 23 min 04.5 s GMT on May 30, 197L 

Eccentricity 

0.1926 



Inclination*, deg 

1.29 



Argument of periapsis*. deg 

184.71 



Longitude of ascending node*, deg 

68.64 



Time of periapsis passage, GMT 

May 16. 1971, 




06 h 19 min 04.26 s 



*With respect to the true ecliptic and equinox of date. 

Table 2. QaocantHc orbital alements at iniacllon 

Tables. Araoeantric orbital atomanla at ancoMirtar 

Orbital element 

Best estimate 

Orbital element 

Best estimate 

Periapfis radius, km 

6.544.9 

Periapsis radius, km 

5116.4 

Semimajor axil, km 

-43,358.3 

Semimajor axis, km 

-4112.2 

Eccentricity 

1.1509 

Eccentricity 

2.2441 

Inclination^ deg 

28.79 

Inclination*, deg 

64 65 

Argument of periapsis*, deg 

127.45 

Argument of periapsis*, deg 

311.87 

Longitude of ascending node^. deg 

45.39 

Longitude of ascending node*, deg 

42.50 

Timeof periapsis passage, GMT 

May 30. 1971, 

Time of periapris pasasge, GMT 

Nov. 14. 1971. 


22 h 34 min 47.94 s 


0 h 31 min 08.62 1 

*With respect to the Earth true equator and equinox of date. 

•with rmpact to the Man true equelor end vernal equinox. 
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B MISS PARAMETER (BIS) 
e AIMING POINT ORIENTATION 
S INCOMING ASYMPTOTE 
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Fig. 1. Mariner 9 injection and midcourae aiming points 



Fig. 2. Projection otheUoeantric trajectory in the ecliptic 
plane (launch, May 9 , 1971: Mrtval, Nawambar 14, 1971) 
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Science Sequence Design 

P. E. Koskeia, W. E. Boiiman, J. E. Freeman, M. R. Heiton, R. J. Reichert, E. S. Travers, and S. J. Zawacki 


i. IntrodiKtion 

The primary objective of the Mariner Mars 1971 mission 
was to study the characteristics of Mars for at least 90 
days. The missitm was highly successful in that 70 to 80% 
of Mars was nupped during the first 262 revolutions. The 
extended mission later brought this coverage to nearly 
100 %. 

The activities of the following members the Naviga- 
tion Team are recorded in this section: the Science Se- 
quence Design Group, responsible for preparing the Rnal 
science sequence derigns; die Advance Sequence Planning 
Croup, responsible for sequence planning; and the 
ScienM Recommendation Team (SRT) representatives, 
responsible for conducting the necessary sequence design 
interfaces with the teams during the mission. The inter- 
face task included science support in both advance plan- 
ning and daily (^leratioos. The science sequences desijpaed 
during the misskm are also discussed in this section. 
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II. Software 

The Planetary Observation Geometry and Science 
Instrument Sequence (POCASIS) system of programs 
used for science sequence planning and design was com- 
prised of POCASIS, POCASIS plot, Ubrary POCASIS 
Program (LIBPOG), SCOUT, summary programs, 
POCASIS plot driver, and POCASIS data padcage driver. 
A description of the majmr functions of eadi program 
follows. 

A. POQASIS 

The POCASIS program is a single-predskm Fortran V 
program that was used to generate die Mariner 9 observa- 
tional geometry. POGASK formed die basis of ad adenoe 
sequence design computations. The program operated 
on the UNIVAC 1106 computer. 

POCASIS computes the spacecraft orbit either by pro- 
cessing a numerically integrated epbemeris tape dwt 1^ 



hfon gt’iioratccl hy the double precision trajectory pro- 
gram (DPTRAJV or h> using a two-body orbit inodific'd 
to inelude general perturbation expressions for the major 
perturbative effeevs of solar gravity and Mars oblatcMU'ss. 
All trajeetory-relati*d cpiantities of interest can be eom- 
puted. ineluding spacecraft maneuver attitude informa- 
tion, occultation parameters of Sun and Farth. and look 
angles to Earth-based tracking stations. 

The instrument scan geometry portion of FOGASIS, 
given the pointing directions and times, projects the 
images of up to 10 onboard instruments onto th^ surface 
of Mars. It also computc's the pointing angles and times 
necessary to satisfy specified observational criteria. This 
portion of POGASIS computes all instrument-related 
quantities of interest. 

B. POGASIS Plot 

The POGASIS plot program provides graphical repre- 
.sentation of instrument viewing geometry for all instni- 
ments. Tlie program uses a data tape generated by 
POGASIS or LIBPOG as input, and outputs graphical 
data in mercator, orthographic, cartesian, or conical pro- 
jection form. The plots could be viewed on the Tektronix 
T4002 (and hard-copied if desired) or directed to the 
Stromberg-Carlson (SC) 4020 plotter. 

C. LIBPOG 

LIBPOG was used for post-processing by the Science 
Data Team to pro\ide high-precision data. The program 
is equivalent to POGASIS, except that it has no triggering 
capability. Program input data are modified by the Scan 
Platform Operations Program (SPOP) to reflect all known 
biases to the pointing angles, including the platform limit 
cycle. Spacecraft position and planet position are obtained 
from the probe ephemeris tape and the planetary e|diem- 
eris tape, respectively. 

D. SCOUT 

The SCOUT program rapidly computes and ilhistrates 
spacecraft viewing geometry for an instrument mounted 
on the scan jdatform. Its primary application was in the 
advance sequence design process. The program operated 
on the UNIVAC 1106 computer, and it could produce 
{dots on the Tektronix T 4002 or the SC 4020 |dot^. 

The program computed spacecraft positioii, using mean 
elements corrected for Mars oblatenen; this approxima- 
tk» proved to be accurate enough for fdanning purposes. 
Its various scan-pointing and plotting i^ttions, including 


flu- spacecraft conc/clock grids, made SCOl'T useful for 
design purposes, and its ability to iminc'diately produce 
plots on the Tektronix made' it invaluable for rapid itera- 
tive design work. 

E. In-flight Enhancements 

,\s orirital ojK-rations progres.sed. a seric“s of auxiliary 
piograins were deveIo|X'd to automate the more routine 
eomputer-rc'Iated uetivific-s. These programs were de- 
signed initially to help the POGASIS engineers check the 
output of the computer runs, and later, to assist in the 
generation of input for the POGASIS runs and plots. This 
automation I'liminatcxl ir.ueh tedious manual checking 
and input preparation. 

1. Summary programs. Sex cral summary programs, use- 
ful for checking output, came into use soon after orbital 
operations began. Their purpose was to piu))oint problem 
areas immediately. The output from these summaries was 
generalK’ printed on the Tektronix screen by the POGASIS 
forecast engineer as soon as the computc-r run closed and 
before printout was delivered. They enabled the forecast 
engineer and the SRT Representative to cheek picture 
shuttering times, slew times, and cone- and elock-angh* 
limit violations. Another summary program formatted 
output exactly like the s(*quencx* generator (SEQGEN) 
output. This helped validate the POG.^SIS data package. 

2. POGASIS plot driver. This input generator came into 
use after orbital n|)erations were well under way. It elimi- 
nated manual preparation of the input neces.sary for each 
plot hy extracting data from the POGASIS output adap- 
tive mode planning system (AMPS) tape. The plot driver 
aided both the POGASIS forecast engineer and the 
POGASIS data package engineer in creating orthographic, 
cxrnic, and mercator plots. The plot driver results com- 
pri.sed the input to the POGASIS plot program. 

3. POGASIS data package driver. This input-formation 
aid came into use about two-thirds of the way through 
the primary mission, eliminating the tedious coding of 
input for POGASIS data padtage runs. The driver also 
automatically set up the correct input for a POGASIS 
case when provided the slews, camera pointings, and cor- 
responding times from SEQGEN. 

The ultimate refinement in POGASIS data padcage 
generation was developed in time for the extended mis- 
sion. This program read the SEQGEN output tape. Hie 
data padcage engineer no longer had to manually type in 
the slew and picture dnittering data. Widi this driver to 
set up the POGASIS case and die POGASIS plot driver 
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to srt up the plots, the data package engineer could at 
times prepare the data package in % h, as opposed to the 
6 to 10 h typically required at the beginning of orbital 
operations. 


III. Procedures 

The procedures involved in preparing the science se- 
(juence designs for Mariner 9 are given below. 

For several weeks prior to encounter and orbit insertion, 
tentative operations procedures were tested by the 
POCASIS group of engineers and SRT representatives. 
Some of these readiness tests encompassed the entire 
Navigation Team, while others were conducted within the 
POCASIS grouponly. 

Base cases for the TV sequence designs were prepared 
in advance for the first 40 revolutions. Decisions regarding 
the IV science beyond the first 40 revolutions were post- 
poned because of the uncertainties resulting from the 
dust storm. It was intended that, during the first 40 revo- 
lutions after encounter, T\^ and spectral science sequences 
and base cases for subsequent revolutions would be pre- 
pared as the requirements of the r ?ientists became known. 

Upon insertion into Mars orbit, the sequence designs 
for the first 40 revolutions were changed entirely because 
of the dust storm. New sequence designs had to be pre- 
pared in near-real time. 

The Advan«?e Sequence Planning Croup worked closely 
with the SRT representatives and helped prepare advance 
details of the W-science sequences; the Sdence Sequence 
Design (POCASIS operations) Croup handled everyday 
operations, abng with unexpected problems and requests 
requiring immediate action. 

A. Advance nannifig 

I. Sdence R^cottmendaHtm Team ReptMtUaHv^s. 
The SRT Representatives responsible for preparing unified 
requests for science data based on a 20-day*cycle mission 
plan, were invdved with a variety of funcUons and inter* 
faces, requiring a working knowledge of die various 
Mariner 9 systems, particularly the spacecraft. Because 
the SRT Representalivet had to interface with eadi of 
the scientific experimenters or their representatives, they 
also had to understand the objectives of the various ex* 
periments. During die primary mission, 3JS men were 
necessary to support this function 7 days per week. 


The Mission Design Team was responsible for produc- 
ing the basic 20-day-cycl(» mission plans. These plans had 
to retl(‘et not only the experiiiieiiters’ dt .sires but also the 
constraints as dictated by the various Project .systems. The 
plans specified the ntimber and order of the various 
science sequence links, their science objectives, the struc- 
ture of each link, plus system guidelines from the space- 
craft and mission operations representatives. The Mission 
Design Team meetings were attended by: (1) SRT mem- 
bers. (2) Mission Engineers responsible for spacecraft 
operating characteristics and constraints, (3) Mission 
Operation System (MOS) Representatives with implemen- 
tation guidelines, and (4) the SRT Representative from the 
Navigation Team. 

TTk‘ SRT Representatives were e.xpccted to provide 
trajectory-related informatio , including viewing char- 
acteristics. constraints and capabilities, in support of 
ad\ ance planning. As the .science desires became known, 
the SRT Repre.sentatives. along with members of the 
Advance Sequence Planning Croup, would design basic 
sequences to satisfy these requirements, and then present 
them to the Mission Design Team. The Mission Engineers 
would present the spacecraft constraints in conjunction 
with the proposed science sequences. Upon final iteration 
of the SRT desires and system constraints, a mission plan, 
with the basic science sequence link structure for a 20*day 
cycle, was prepared jointly with the Mission Engineers, 
\Mien approved, this mission sequence plan would go to 
the Mission Sequence Working Croup for implementation. 
An example of such a sequence plan is shownn in Fig. 1. 

2. Advafwe Sequence Planning Croup. The Advance 
Sequence Planning Group worked closely with the SRT 
Representatives and, on occa.sim, with the experimenters 
to work out sequence designs that would meet the objec- 
tives of each science cycle. The end product was an inter- 
related collection of science sequences, which were then 
translated into POCASIS program input. This POCASIS 
standard (or base) case often required only minor changes 
(for examine, in cone and clodc angles or surface point 
locatkms), when used for daily operations by the Scienoe 
Sequence Design Croup. 

Preliminary design studies were generally started at 
least one entire 29-day cycle in advance. Both the SCOUT 
and POCASIS programs were used in this iterative 
process, along with the Tektronix video display terminalt. 
The SRT Representatives were the interface b et ween Ae 
Advance Plannfaig Sequence Croup and dieSRT.Otanges 
were made until a satisfactory find design was adrieved. 

m 
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Once the final design for two revolutions was f^omplete, 
the POGASIS standard case was compiled. TV final step 
was to make the actual POGASIS run for the first day 
(two orbital revolutions) of the new science cycle as a final 
check for design flaws and also to effect a smooth transi- 
tion between cy cles and the two POGASIS groups. Pre- 
liminary work on the next science cycle was then begun. 

At times, the Advance Sequence Planning Group per- 
formed design studies on a phase of the mission more 
than one cycle ahead. This work affected future and, on 
occasion, current planning and often served to shape the 
science objectives of a cycle. 

B. Daily Operations 

L Science Recommendation Team Repre$entaHve$. 
The ^)RT Representatives functioned on a daily basis as 
the interface between the Science Sequence Design 
Group, the Mission Sequence Working Group, and the 
SRT. They c(X)rdinated the daily preparation of an orbital 
sequence plan that reflected the SRT desires and satisfied 
the operational and spacecraft constraints. The interface 
and orbital sequence problem-solving function made this 
a full-time endeavor, partially because of the sequence 
redesign necessitated by the dust storm and the failure of 
AMPS, which led to handwritten orbital sequence plans. 
These interface functions are listed below: 

(1) Science Recommendation Team. This group con- 
sisted of the science experimenters of the various 
disciplines and instruments and their representa- 
tives. The SRT stated the daily sctence sequence 
requirements for every data-taking revolution, in- 
cluding the specification of the target and/or cover- 
age for every spectral Instrument scan and TV 
picture link fai the sequence plan for a particular 
mission cycle. The SRT Representative advised the 
SRT of the daily target viewaMity as a functiofi of 
revohitkm. The final product of ^ SRT meetings 
was an orbital sequence plan, witfi the science re- 
quests specified for a particular revobtion pair. 

(2) Science Sequence Deeign Group. This group con- 
sisted of t^ POGASIS operatioii engineers, who 
were responsible for desiring Ae daily science 
sequences in cooidinaHon widi die SRT Rt^presen- 
tadve, from whom diey received the science re- 
quests. Any proUems that appeared during die 
sequence desipi prooew requiring consultation out- 
side die Naviga^ Team were hwdled hy An 
SRT Representatives. Upon c o mp letion of die 
sequence des^ prooesi, dw POGASIS fbrecBflt run 


was submitted to the SRT Representative for 
doublc-chccking and orbital sequence plan sub- 
mittal. 

(3) A/i.v.vion Sequence Working Group. This group con- 
sisted of representatives from the various mission 
opeiations teams such as the Spacecraft Team, SRT, 
and the Navigation Team. Actual implementation 
of the daily science sequences began in this group, 
when the science sequence plan w*as reviewed and 
approx ed for execution. 

2. Science Sequence Deeign Gremp (POGASIS opera- 
tione). The Science Sequence Design Group handled the 
(‘veryday tasks associated with the Mariner 9 POGASIS 
activities. The operations task was divided into three 
spt‘cific tasks, performed by the forecast engineer, the 
data package engineer, and the duty engineer. Each of 
the.se positioas was manned 7 days a week and approxi- 
mately 12 h per day. The tasks were rotated among die 
meml>ers of the group every 8 days. A description of each 
of the POGASIS operations tasks, and their principal 
duties, follows: 

(1) Forecast engineer. It was the respmsibility of the 
forecast engineer to begin the d&ily sequence de- 
sign process by using the POGASIS base case and 
inputting the science requests. It typically took 8 h 
to accomplish this task of designing sequences 
which did not violate any constraints for a pair of 
revolutions. 

(2) Data package engineer. Data packa^^es were dis- 
tributed the day of playback, and it was the re- 
sponsibility of the data package engineer to meet 
that schedule. The POGASIS run oootained in die 

package represented the best a priori model of 
t!ie sequences executed by the spacecraft. Part-way 
throu^ the primary ndeekm, programs were written 
that simplified the production of the data padages 
(see Sub^iion HE). 

(3) Duly engineer. It was die responsibilRy of die duty 
engineer co loenciiy au lorecasi prooiemi ano, n 
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by the forecast e a gfaieer by woi fcln g wHfa the SITT 
RepreMDtetive in an attMnpl to ril ainntn tfMN 
problem s . In additioo. die doty engiDeer was re- 
quired to p erform any bnp wmp bi s t udi e s that 
mied vise. He abe acted m a focal point for 
POGASIS aedvittea and was the oo-dnty leador of 
die Scienoe ScQiionoe Deeifo Groups 



C. Evolution of a Zenith/Nadir Orbital Sequence 

The complete science sequence design process is shown 
in Fig. 2. It is assumed that a mission plan for the subject 
20-day cycle has been formulated. The plan would specify 
the general science sequence structure, including all data- 
taking (D/T) link times, picture link descriptions, slew 
times, ground-commanded picture capability, and the 
flexibility allowed for setpience structure change requests. 
\ POGASIS base case modeling this science sequence 
structure would have been prepared by the Advance 
Sequence Planning Group. The procedures used for pro- 
ducing an orbital sequence plan follow in chronological 
order for a typical zenith/nadIr revolution pair: 

(1) The SRT representative attended the daily SRT 
meeting to discuss the targeting for the science 
sequences to be taken 6 days later. The science re- 
quests were recorded on the orbital sequence plan 
forms (sec Fig. 3). NVhen filled out, these forms 
contained the detailed sequence design information 
tc be implemented by the Spacecraft Team. 

(2) The SRT RefU’esentative then attended the Mission 
Sequence Working Croup meeting to review the 
orbital sequence plan brought in by the SRT Chief. 
Any foreseeable implementation problems (e.g., 
MOS or spacecraft) were resolved at this time. After 
approval by the Mission Sequence Waking Croup, 
copies of the sequence plan forms were made, and 
the original was given to the SRT Representativ 

(3) Next, the SRT Representative presented a copy of 
the sequence plan fonm to the forecast engineer, 
along with any necessary explanation concerning 
the science requests. 

(4) Once the science requests were understood, the 
forecast engineer loaded the POGASIS base c«*se 
into the conqmter and modified it (using the text 
editor mode at the Tektronix) to model these re- 
quests. Additional items the forecast engineer had 
to faidude prior to his first computer run were: 
(a) the calendar date and day of year of the partic- 
ular revolutions; (b) the automation subsystem 
(DAS) reference time for these revohitioos from 
B-frame start listings provided by the Spacecraft 
Team; (c) the number of the latest probe ephemeris 
tape, with the difference b e twe en universal and 
ephemer is time corrections, if applicable. 

(5) After execution, the PCX!AS1S output was c h e cked 
by the forecast engineer. Typically, a number of 


computer runs were made before one was obtained 
that fully satisfied the science requests. In some 
cases, the science requests were impossible to satisfv 
because of some spacecraft or geometrical con- 
straint. Spacecraft constraints included scan plat- 
form viewing limits and slew duration limitations. 
Such problems were described in a note to the next 
day’s duty engineer; the note was left with the 
output from the last PCKJASIS run and copies of all 
plots. 

(6) Tlie following day, the duty engineer and the SRT 
Reprt*sentative rex iewed any problems encountered 
the preceding day by the forecast engineer. If no 
viable strategy or .solution could be found, the SRT 
Representative brought the target or sequence 
problem to the attention of the Mission Sequence 
\\ orking Croup. The group, consulting with the 
SRT Representative, ^'-reposed an SRT target change 
or a sequence structure modification. These se- 
quence amendment.s could be proposed throughout 
the day if the responsible working group Individuals 
were available. Otherwise, the amendments would 
be proposed at the 4:00 p.m. meeting. The proposed 
cTtange was then brought back to the duty engineer, 
who made the necessar>' changes to the POGASIS 

and checked the feasibility of the revised 
secpience. The rest of the day was used for finishing 
the sequence design and producing plots for all the 
.sequences. 

(7) When the duty engineer completed the POGASIS 
forecast run containing the required sequences 
(usually the following morning), it was given, with 
the plots, to the SRT Representative to double- 
check to ensure that the science requests and all 
system constraints were satisfied. These system 
constraints included: (a) scan platform limits, (b) 
slew duration limitations between links, (c) mini- 
mum picture link timing scparatkmt, and (d) the 
ultraviolet spectrometer (UVS) ‘'zap* problem. The 
UVS zap problem was not known before encounter. 
The constraint was imposed that the UVS instru- 
ment, when operating, never be slewed from black 
space onto the Uluminaxed limb of the planet be- 
catme of its sensitivily to such an abrupt h; ure 
to UV radiation. 

(8) UVS zap diecking was done hy the SRT RepraseD- 
tative in coohmetkm with die chity engineer. Per- 
spective views (widi superiiwpoaed co n e and dock 
grids) of the planet at 5-mto intervals were pro- 
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virlod by the Advance Sequence Planning Group 
for this purport'. All slews in a sequence were 
checked for potential violations. SCX)UT and 
POGASIS were used to check marginal cases. If a 
violation was detected, a sh'w strategy to pre\ent 
the zap was devised, which might include slewing 
earlier or lat(’r. or jmssihlv incorporating an extra 
slew into the sequence to s^ w '".round to the dark 
side of the planet. 

(9) After the checking was completed, the SRT Repre- 
semative filled oiit the orbit ’ sequence plan forms 
with the data from tlu' final POG.ASIS forecast run. 
The duty engineer assisted in this, if required. The 
data provided on the forms included the picture 
link tim(»s. all cone and clock angles, floating slew 
strategies and times, and periapsis times. (See 
Fig. 3 for a sample orbital sequence plan for a 
zenith revolution »n mapping cycle III.) 

(10) The SRT Representative then attended the daily 
4:00 p.m. Mission Secpience Working Group meet- 
ing to submit for approval the prepared orbital 
sequence plans for the science sequences to be 
taken 4 days later. After review and W'orking 
Group approval, the st quences went to the Space- 
craft Team for implementation. 

(11) If no unforeseen implementation problems ap- 
peared, the next step was initiated IH to 2 days 
before the sequence D/T, when ‘'EQCEN output, 
consisting of the actual times and cone and clock 
angles that were loaded into the centra] computer 
and sequencer (CC&S), was available. The data 
package engineer used these values to construct a 
POGASIS input case, which would model the 
spacecraft sequences using the precise times they 
would be executed. A final fMeA of the UVS zap 
problem was also included in this last POGASIS 
case. This dieck was made early enou^ so that 
emergency commands could be sent to the space- 
craft if a UVS problem was detected. Plots were 
constructed on the SC 40SO {dotter with the final 
run. The plots were labded and the data package 
was asaettbled» reproduced, distributed, and teady 
for use before playback began. 

Hie prece d ing procedures wer^ % continuing state of 
development throughout die mi ff ion. Once a mjf ff fwi 
cycle Imd begun, the procedures would overlap lo that, 
during any one day, three data- taking s e q uences were 
being worked on. 


IV. Science Sequences 

M.iniuT 9 snnur .soquonco design van be discussed in 
tbre<' (liHerent phases: (1^ the pre-insertion planning, 
which took place after the loss of Manner 8 because of a 
launch vehicle failure, (2) the post-insertion planning and 
changes necessitated by the dust storm; and (3) the se- 
i|n<'iu'c‘s as they aetnally were taken, 

A. Pre-interlion Planning 

The* launch failure of Mariner o led tO the first of sev- 
#'ral red("signs of the science sequences. The two phases of 
the Mariner Mars 1971 mission U'presented by Mariners 8 
.md 9, each with its own science objectives, havl to be com- 
bined into a single compromise mifion. This revised mis- 
sion had to satisfy the minimum rei|uirt*ments of each 
sci» ntific discipline*, while receiving about onc-half the 
data that would have been available from the two .separate 
spacecraft. 

.\n example of the tradeoffs made n rf'de^igning tht 
mission w'as the selection of a 65-deg-inclination orbit. 
Tin® represented a compromise between a high-inclinatkm 
orbit, which would have provided excellent south polar 
c'overage, and a low'-inclination orbit, which would have 
providt*d b<*tter variable feature observations near Martian 
high noon. The orbit period was choven to be approxi- 
mately 12 h to naximize the amount of data return. The 
planmd ap*idal orientation was 140 deg and the periapais 
altitude, 1300 km. 

Communication requirements dictated that the science 
data be played back throu^ the 64-m-diameter antenna at 
the Goldstone Deep Space Station. The orbit period was 
f vnehronized as cl^ly as possible to the Goldstone view 
pe« iod to maximize the data return. The time period when 
the science instruments could view the planet was depen- 
dent on the instrumen: platform scan constraints. The TV 
data and high-rate spectral data recorded during the 
Coldsto^xe nadir pan had to be played back during the 
fdlowing zenith past. In addition, real-time hi^rate 
spectral data could be receix*ed dnrkig the zenidi pam. 
A total of 30 TV pictures, die Uipe recorder capacity, were 
planned for each pass. 

To follow diis saquenre of ev. uts, the spacecraft was 
to Iw maneuvered into an orbit with a period which main- 
Uined the periapsis passage of ever/ odier revo to doo 
(or a l^h period) close to Uit time of zenith of the 
Goldstone view period. Depending on the resultant orbit 
period following orbit insertkm, one or more orbit trim 
maneuvers were planned to achieve syndmmizatioa widi 
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the Goldstone view period. The first science data-taking 
cycle was to begin after the final orbit trim maneuver. 
Subject to when and how many trim maneuvers would bo 
needed, various science instrument calibrations and simple 
mapping sequences were planned for ^he period between 
orbit insertion and the final trim. 

A fortuitous situation existed in that an orbit period 
synchronized with Goldstone zenith would result in a 
shift of subspacecraft longitude between successive zenith 
or successive nadi; passes which permitted contiguous TV 
mapping with the low-resolution camera. About 20 days 
of orbital operations were necessary to complete one cycle 
of mapping swaths around the planet. Because mapping 
of the Martian surface was one of the prime science ob- 
jectives, the science sequence planning cycle was tied to 
the mapping cycle. Pii ^r to orbit insertion, detailed mis- 
sion design plans for the first mapping cycle were com- 
pleted. This plan accommodated a final orbit trim maneu- 
ver as late as revolution 16. 

Four mapping cycles were planned to cover the Martian 
surface from a latitude of 65*S to about 25®N. In addition 
to this TV mapping, various other kinds of data taking, 
both TV and spectral, were a part of the first cycle, as 
indicated in Figs. 4 and 5. Time ticks relate the position of 
the spacecraft to pcriapsis passage. The approximate time 
periods during which the instruments would acquire data 
are shown as planned for the first cycle. 

B. Post-insertion Planning 

Upon arrival of Mariner 9 at Mars, the mission plan was 
changed again because of the planet-wide dust storm. The 
start of the mapping cycles was delayed, and a recon- 
naissance mode of operation was initiated instead to seek 
areas that were clear enough to photograph. 

Duiing the reconnaissance cycles, advance studies were 
performed to accomplish the primary science objectives 
after the dust storm ceased. For example, a minimum of 
40 days was determined as the time period required to 
contiguously map the planet from 65*S to 45*N. However, 
almost all available pictures would be required to accom- 
plish the task, and all other TV requests would have to 
be ignored, which was untenable. The spectral experi- 
menters also had competing desires, which influenced 
the science sequence design. Further analysis indicated 
that, if the periapsis altitude were raised Lorn the 
achieved value of 1390 km to about 1650 km and the 
mapping cycles extended over 60 days (three cycles), the 


number of low-resolution pictures required to map the 
planet could be held to about 10 per orbit for the first 
two 20-day cycles and 12 for the last cycle. 

The amount of scan platform slewing required during 
the mapping was also dependent on the periapsis altitude; 
f.e.. the higher the altitude, the fewer the number of slews 
needed to get forward-lap with the low-resolution camera. 

Because the spectral experimenters desired as few slews 
as possible during any link of picture taking, an effort was 
made to minimize the number of slews consistent with 
the other requirements (e.g., keeping the view angle to 
less than 20 to 25 deg). If the periapsis altitude was about 
1650 km, only two slews would be needed during a map- 
ping swath. Therefore, to raise the periapsis altitude from 
1390 to 1650 km and to correct the orbital period to adjust 
the shifting of periapsis passage time with respect to 
Goldstone zenith, an orbit trim maneuver was performed 
on revolution 94, prior to the start of the first mapping 
cycle on revolution 100. 

Mission plans redesigned after arrival were greatly 
influenced by the limited capabilities of mission opera- 
tions. Sequences that had been fairly intricate before 
arrival were simplified by maintaining the same sequence 
design throughout a mapping cycle. Epochs (measured 
from periapsis) at which the science links took place were 
fixed for every zenith orbit and for every nadir orbit. Also, 
the epochs and the number of scan platform slews to 
accomplish the science links were held constant for each 
orbit. Then the sequence design was optimized from die 
standpoint of the science objectives. Determining where 
to point many of the links became a daily activity based 
on inputs from the SRT. 

Assuming that no maneuvers to change the attitude of 
the spacecraft to point the hi^-gain antenna at Earth 
would be executed during the primary mission, the three 
mapping cycles had to be finished by early March 1972 
because of degraded communication capability. This 
consideration dictated a starting date early in January for 
the mapping mode, which was compatible with the ex- 
pected subsidence of the dust storm to the point that 
good pictures could be taken. 

As can be seen from the sequence designs presented in 
Subsection IVC, there was a variety of TV science objec- 
tives, including geodesy, atmospheric sequences, variable 
surface feature geology, and Martian satellite astronomy. 
In addition, the sequence designs included scans made 
specifically for the spectral experimenters. 
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C. Science Sequence Summaries 

The MariiKT 9 scieiur data through re\ olution 262 wore 
a(’(|uired in oiglit major i \ d(*seription of the science 
cvclt s and tlic rcvolutiiais included within each cycle, and 
a brief outline of the ohjcctive.*: of each cycle follow. 
Figure 6 provides a key to aid in reading Figs. 7 through 
20. which contain complete si‘(|ucnce summaries for the 
nadir and /» nith re\'olutions for each cycle. Sample ortho- 
graphic plots for T\' pictures takem on a zenith and nadir 
revolution for each cycle art* presented in Figs. 21 through 
A comph*te set of orthographic and/or mercator plots, 
and numerical data for every TV picture received during 
the first 262 revolutions arc provided in Ref. 1. 

/. Post-orhital insertion mapping, calibration, and 
phase function cycle (revolutions 1^15), The planet-wide 
dust storm to which Nfariner 9 was exposed at arrival had 
a profound effect on the original science plan. While work 
progressed on replacement science sequences, a series of 
mapping sequences, ^aken near periapsis, were initiated 
to fill the gap left by the aliandonment of the original 
plar These mapping sequences, consisting of narrow- 
angle (R-camera) and wide-angle (A-camera) pairs, were 
relativ«*ly ineffective because of the dust storm. An orbit 
trim maneuver was performed on revolution 4 of this first 
cycle (no TV science data taken) and a calibration and 
phase function sequence on revolution 7. (See Fig. 7 for a 
complete sequence summary.) 

2, Interim cycle ( revolutions 16 to 23), While advanced 
planning continued, an interim sequence was adopted 
which afforded more possibility for planetary reconnais- 
sance than BA mapping. This sequence consisted of a 
combination of two orbits from pre-insertion planning 
sequences, one nadir and one zenith. The same sequences 
were repeated continuously from revolutions 16 through 
23. Figure 8 contains a complete sequence summary, 

3. Reconnaissance I (revolutions 24 to 63). The new sci- 
ence plan was implemented on revolution 24. T e primary 
feature of this cycle was the global coverage afforded by 
10 wide-angle pictures on each zenith revolution and five 
on each nadir revolution. Specific targets in relatively 
dust-clear areas were identified in these pictures and 
were subsequently examined with two groups of four 
high-resolution picture** in each orbit. Each revolution 
also included a pair of overlapping high-resolution limb 
pictures, coverage of the south polar region with throe 
BA pairs, and two or more BA pairs with the last A-frame 
veitical and 10 deg from the terminator. (See Figs, 9 and 
10 for complete nadir and zenith revolution sequence 
summaries). 


4. Rccontuiissance I! ( revolutions 64 to 99). Reconnais- 
sance of the planet continued, with a new science se- 
(H!(‘nc(* beginning with revolution 64. The plan was simi- 
lar to that tor reconnaissance 1, i.e., global coverage with 
eight A-frames on each revolution and a series of B-frames 
to investigate* dust-free areas. On each zenith revolution, 
there \v(‘re two tetrads (four Bs) and on each nadir revolu- 
tion, a tetrad, a triad (three Bs), and a dyad (two Bs) for 
high-r(‘solntion limb pictures. Polar coverage continued 
w ith lhri‘(* BA pairs on each revolution. Near the end of 
this eyel<*, it was determined that a periapsis altitude of 
1650 km would facilitate the mapping objective and also 
allow an orbital period adjustment for periapsis synchroni- 
zation with Cold stone; therefore, a second orbital trim 
mantniver was ord<»red for revolution 94 (no TV science 
data taken). For two revolutions preceding the trim, and 
for all revolutions following the trim to the end of the 
cycle, B.\ mapping was substituted for the standard re- 
connaissance II format. (See Figs. 11 and 12 for nadir and 
zenith revolution secpience summaries). 

5. Mapping cycle I ( revolutions 100 to 138). The dust 
storm that had delayed Mariner 9*s primary mission of 
mapping the surface began to abate during reconnais- 
sance I and reconnaissance II. By revolution 100, the 
surface* was clear enough to begin the surface mapping 
with mapping cycle I. Each revolution in the cycle had 
two mapping sequences. The first began at approximately 
P “ 19 min, with one A and three BA pairs. The second 
was at approximately P — 10 min, 36 s, with one A and 
five BA pairs. The first mapping sequence was taken at 
a c one and clock angle such that the fourth A-frame was 
directed vertically, and the second sequence, such that 
tlie third A-frame was vertical. In addition to the mapping 
sequences, each revolution had five global pictures and a 
tetrad of mixed A and B frames. Each zenith revolution 
had a pentad of two AB and one A, and each nadir revolu- 
tion had two dyads of one AB pair and a single B-frame, 
dubbed *TLR.” This cycle was marked by one of the 
few hardware failures on Mariner 9. Near the end of the 
cycle, the fiPer wheel on the wide-angle camera failed to 
step. Analysis showed that the filter wheel was in posi- 
tion 5, a polarizing filter, for the remainder of the mission. 
Figures 13 and 14 present the nadir and zenith revolution 
.sequence summaries. 

6. Mopping cycle II (revolutions 139 to 177). Surface 
mapping continued at a higher latitude band with map- 
ping cycle II. Each revolution again had two mapping 
sequences. The first was at P + 2 min and the second at 
P 1 - 13 min, 54 s. The first sequence had one A, four 
BA pairs, and one B, and the second sequence, five BA 
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pairs. The first sequence was taken at a cone and clock 
angle such that the fourth ATrame was viewing vertically, 
and the second sequence was such that an imaginary sixth 
A-frame would have been vertical. Again, each revolution 
had a tetrad of mixed A and B frames and, in addition, 
each revolution had a dyad of one BA pair and two Bs, 
and two single B-frames. Each nadir revolution had a 
triad of one AB pair and one B, and three single B-frames. 
Figures 15 and 16 contain the nadir and zenith revolution 
sequence summaries. 

7, Mapping cycle III ( revolutions 178 to 217). Map];..ig 
of the planet continued with mapping cycle III. Surface 
features located at higher latitudes than those mapped on 
mapping cycle II were observed. Again, each revolution 
had two mapping sequences. The first was at P — 2 min, 

1 12 s and the second, at P + 30 min. On each zenith revolu- 
tion, two A-, one B-, and four A-frames were taken on the 
first sequence, followed by three AB pairs on the second 
sequence. On zenith revolution 206 and nadir revolution 
207, and all mapping cycle III revolutions following, the 
B-frames in the first mapping sequence were omitted. 
In addition to the mapping, each revolution in the cycle 
contained two tetrads of mixed A- and B-frames, one 
dyad of one AB pair, and one dyad of two B-frames. In 
addition, each zenith revolution had a tetrad and a single 
B-frame, referred to as TEC, between mapping sequences. 
Each nadir revolution had two additional dyads, one con- 
sisting of an AB pair and one of two B-frames. Toward 
the end of this cycle, the increasing distance between 
Mars and Earth and the movement of Earth away from 
the high-gain antenna boresight caused a continued low- 
ering of the signal-to-noise ratio, forcing selection of 
lower playback rates. This had the effect of decreasing the 
number of pictures that could be played back from ap- 
proximately 30 on each revolution at the beginning of the 
cycle to approximately 20 at the end of the cycle. Figures 

j 17 and 18 contain complete nadir and zenith revolution 
sequence summaries. 

8. Extended miseUm phase I (revolutions 218 to 262). 
With the end of mapping cycle III, the major mission 
objectives were completed. However, with the exception 
of the inoperative A-camera filter wheel and an ever- 
dwindling supply of attitude control gas, the spacecraft 

I continued to be in excellent condition to acquire data. The 
mission progressed to the extended mission phase begin- 
ning with revolution 218. At the start of this cycle, approxi- 
mately 20 pictures could be played back on each zenith 
revolution. By revolution 242, this number had decreased 
to approximately 10. For eac^ nadir revolution, approxi- 
mately 15 to 16 pictures could be played back at the 


beginning of the cycle, and 10 near the end. To increase 
the playback to an average of 22 pictures per day, five 
high-gain antenna maneuvers were planned ever'' 2 days, 
sl.irting on revolution 246. On ihe maneuvert 1 zenith 
revolution, the sequence was constrained to straight map- 
ping with limited slewing. Each zenith and nadir revolu- 
tion was divided nominally into five triads, three with 
three Bs and two with a B and one AB pair. These triads 
were not constrained in time, and, in addition, provision 
was made to insert several ground-commanded sequences 
for special purposes. Two- thirds of the way through the 
cycle, CC&S checksum errors prevented taking data for 
several days, while the failure was investigated. Data- 
taking resumed on revolution 259, and ended on the only 
maneuvered revolution, 262, as the spacecraft entered 
solar occultation. This marked the end of the planned 
mission. (See Figs. 19 and 20 for nadir and zenith revolu- 
tion secpience summaries). 

The sequence summary tables show at a glance every 
T\^ sequence and picture taken during the first 262 
revolutions and represent an orbit-by-orbit summary of 
the orbital sequence designs. The frame numbers (con- 
secutive picture numbers) arc in the upper left-hand 
corner of each ‘‘box.” These frame numbers correspond to 
the frame numbers found on the sample orthographic and 
mercator plots shown in Figs. 21 to 35. 

The orthographic plots, representing a perspective view 
from infinity, are obtained by projecting along lines paral- 
lel to the central optic path of one picture. The middle 
picture of a sequence gives this projection (viewing) direc- 
tion, whereas its time defines the subspacecraft point, the 
terminator, and the solar subpoint. Any portion of the 
limb within a picture*s field of view is also drawn. This 
generally differs from the outline of the globe. The ortho- 
graphic plots provide an overall view of the geometry at 
the time the picture or sequence was taken. The termina- 
tor is denoted by a line of asterisks, the subsolar point by 
S, and the subspacecraft point by -h. Each plot is pro- 
vided with a science link title, which has the numbers of 
the pictures contained in the plots in parentheses. Pictures 
are also numbered on the plots themselves. 

V. Accuracy of TV Camera Targeting 

An analysis of Mariner 9 targeting accuracy is presented 
in this subsection. In general, targeting was determined 
5 days before initiation of the spacecraft science instru- 
ments to allow adequate time for reprogramming the 
spacecraft CCfltS. Despite this time delay, adequate tar- 
geting accuracy was achieved. 
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Tari^(‘ting is dcfiiu'd lu*ri‘ as tho protrss of d('l(‘nnining 
tlu‘ scan platform pointing ncc(*ssary to pro\ idc coverage 
of a d(*sircd art‘i. The accuracs attained must he suffi- 
ciently high to t'nsure eoverage of high-resolution pho- 
tography. Th(‘ degree of accuracy attainable was limited 
by the following items: 

(D Spacecraft position with respect to the planet 
Position in orbit (time from periapsis)* 

Orbital definition 

(2) Pointing direction 

Pointing direction within limit cycle ( :^0.25 deg)* 
Controllability (±0.25 deg)* 

Achiex able pointing direciions ( ^-0.125 deg)* 

(3) Planetary model 

Pole direction* 

Mean radius and planetary (iblateness 
Local height variation 

(4) Camera shutter time 

Reference time definition 

Spacecraft DAS clock time drift ( —0.146 s/12 h) 

Th^ asterisk indicates the items which have the most 
significant effects on targeting accuracy. A discussion of 
each of these items follows. 

The lack of a good definition of the detailed Martian 
gravitational potential early in the orbital phase limited 
the accuracy of the determination of spacecraft position 
within its orbit md, consequently, time of periapsis pas- 
sage. The periapsis time error was the most significant 
item affecting targeting accuracy. As the mission pro- 
ceeded, the gravitational potential became better defined, 
and more accurate periapsis time predictions were 
achieved. The targeting periapsi.s time error was reduced 
to less than 10 s on every orbit after revolution 157, and 
to less than 2 s (with a few exceptions) after revolution 
186. A periapsis time error of 10 s, when the spacecraft is 
at the periapsis position, would result in a 1.3-deg pointing 
direction error, and a 2-s error would cause a 0.26-deg 
pointing error. The probe position errors due to out- 
ot-plane (inclination and nodal position) errors were 
usually less than 2 km and therefore had a relatively small 
effect on targeting accuracy. 

The scan platform pointing direction is another source 
of error. The possible pointing direction error caused by 
the limit cycle (the deadband boundaries of spacecraft 
attitude stabilization) may be 0.25 deg in clock and cone 


angli*. Tlu‘ ]iinit-c\cU‘ duadbami may he rcaclird more 
often during times of liigh slew activity. Much less likely 
and inoR* mfreepumt arc* controllability errors. Tlu*s<’ 
errors an* caused by systcan hysterc'sis, control calibration, 
and in(‘c banical errors which ma\’ total 0.25 deg in clock 
and com* angle. Approximately 349c of clock and cone 
angles slc‘wc*d for TA" picture* data W(*n* in error In 0.2 deg 
or »u(ir<* b(*caus<* of limit cycle* and controllability, and le*ss 
than Kr by 0.4 de*g or more. The* diffe*rt*nce betwe*en the i 
desire'd and achu‘vable pointing dire*ctions (epianti/ations ' 
in commanding inerhani/.ation) could be as large as 0.125 
deg in clock and cone angle. 

The e*rror in the planetary rotational axis of approxi- 
mately 0.5 deg on the cele.stia^ sphere could involve a 
pointing direction error of about 1 deg in the worst case 
for surface feature targeting. This case would occiu* at 
periapsis about 12 h out of phase with the 24.6 h of Mars 
rotation from a n*ference position. If surface features are 
targeted for times close to Mars rotation intervals, the 
targ(*ting error caused by the pole error could be taken 
into account. A description of latitude and longitude 
corrections for the new rotational pole with the longitude 
reference consistent with the old pole is given in Ref. 2. ' 
A mean planetary radius of 3387 km was utilized for the 
entire mission. This value may differ by 10 km from the 
actual radius, and the resulting maximum pointing error, 
which would occur at periapsis with a 90-deg viewing 
angle (limb view), would be about 0.3 deg, 

A camera shutter time error would contribute a maxi- 
mum pointing direction or at periapsis. A time error of 
1 s at periapsis would '’■respond to a pointing direction 
error of about 0,13 deg. The reference time could be in 
error by 0.6 s if the DAS clock is reset hefore engineering 
data are received. However, most camera shutter refer- 
ence times were predicted to less than 0.1 s even with a 
DAS clock reset. 

Three examples of B-frame targeting art shown in 
Fig, 36, The frame marked "target” is the planned tantet : 
coverage, with symbol T representing the desired tai^^et ' 
point. The target frame utilizes the desired cone and clock 
angles as computed 5 days before the execution of this 
picture. The probe ephemeris data used for probe position 
definition were, therefore, more than a 5-day extrapok- j 
tion. The "predicted” frame was made 1 day before execu- j 
tion, with the same cone and clock angle as the target ; 
frame, but usually with updated probe ephemeris data. 
The "processed” frame reflects the actual coverage 
(accounting for pointing direction corrections), widi a ] 
final probe ephemeris. The final probe ei^emeris corrects 
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the probe's position with respect to periapsis from an 
interpolated fit consisting of probe position data before 
and after photographic execution. The "new pole ' frame 
indicates the processed frame latitude and longitude grid, 
with the provisional Mars pole as given in Ref. 3. Perti- 


nent data for the examples shown in Fig. 36 are listed in 
Table 1. The pointing on revolution 157 represents a 
worst-case targeting because of the periapsis time and 
pointing direction errors. Revolutions 173 and 175 repre- 
sent more typical performance. 
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Table 1. Data for narrow-angle frame targeting 


Hrvo- 

lution 

Time from 
periapMS 

I'arjjft fran\f 
periapsis tinu* 
error, s 

Pretlieted frame 
periapsis time 
error, s 

Delta 

cone, 

de>? 

Delta 

clock, 

deg 

h min s 

157 

-0 14 38 

-24.94 

-1.18 

0.48 

0.06 

173 

-0 13 47 

2.96 

0.52 

0.16 

0.24 
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0 
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0.25 

0.25 
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